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ABSTRACT: Hydrogen/deuterium exchange mass spec-
trometry was employed to probe the conformational changes
in lysozyme (Lyz) during the course of formation of a protein-
protected atomically precise Aug cluster. MALDI MS showed
the protein, Lyz, to be present in a denatured state in the
cluster. Detailed ESI MS analysis of the Au-attached Lyz
adducts, an intermediate of cluster formation, confirmed that
these conformational changes are brought about by Au—S$
bond formation and a similar conformation is retained in the
final cluster. These results were supported by computational
results, which showed an increase in solvent accessible surface
area upon the formation of the adducts. Infrared spectroscopy
established that change in the rate as well as the extent of the
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hydrogen/deuterium exchange observed in the cluster was due to the change in the amide II region of the encapsulating
protein. Hydrogen/deuterium exchange ESI MS of Cu adducts of Lyz showed a lower degree of denaturation than their Au
counterparts. XPS analysis revealed that Cu binds differently to Lyz than it does with Au, which is likely because of the stronger
soft—soft Au—S interaction. Alkali metal ion binding, on the other hand, does not affect the protein conformation because such

ions do not affect the disulfide bonds.

B INTRODUCTION

Protein-protected clusters"”” have been found to be useful as
chemical sensors’ > due to their excellent inherent photo-
luminescence, which is easily affected by the presence of
foreign bodies in the medium. Their ease of synthesis,
exceptional stability, and biocompatibility have also resulted
in applications in imaging,’ drug delivery,’ and other
biomedical fields.” Despite their wide range of applications,
very little is known about the structure of protein-protected
clusters. This is in stark contrast to their monolayer-protected
counterparts, the exact atomic structure for several of those
have been derived successfully.”~'' Understanding the
structure of these clusters can not only help shed light on
their unique reactivity'”~'* but also help tune their
luminescence'® and surface functionality.'® A similar clear
understanding of the structure of protein-protected clusters
will help fine tune these clusters for specific problems, pushing
the envelope of their applications to the next level.
Protein-protected clusters are biohybrid materials, in which
an inorganic cluster composed of tens of atoms of noble metals
is grown inside a protein template. The complete structural
identification of a protein-protected cluster would thus require
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characterization of both these components. Structure of the
proteins is generally derived from X-ray crystallography'”'® or
single-particle cryoelectron microscopy.'”” X-ray crystallog-
raphy is one of the main techniques used for the character-
ization of monolayer-protected clusters as well.”' However,
protein-protected clusters could not be crystallized till date,
and thus X-ray structure could not be determined. MALDI MS
has been used traditionally to characterize such clusters.
Detailed understanding of the growth kinetics of gold clusters
in proteins through comprehensive MALDI MS analysis of the
intermediates was published in an earlier work.””> However,
such traditional mass spectrometric analysis could only reveal
the atomicity of the clusters formed and not their structure.
Synchrotron-based X-ray absorption fine structure spectrosco-
py was used more recently to identify the core structure, and
interlocked gold—thiolate rings were identified, departure from
the monolayer-protected ones which generally consist of a
metal core protected by metal thiolate motifs.”> However, the
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aspicule structure of monolayer-protected clusters had
suggested the existence of gold—thiolate rings in them.

Structural alteration of the protecting proteins in these
clusters has not been examined well so far. This is an extremely
important aspect to be addressed because the structure of a
protein is closely related to its biological function. Any
undesired alteration of the structure of its active site thus might
lead to complete loss of such functions in the formed clusters.
The cluster formation has been shown to increase the overall
hydrodynamic diameter, indicating a departure from the native
state of the corresponding protein.”* It is known that Au—S
bond formation is associated with breakage of the disulfide
bonds in the protein and is likely to bring about structural
changes. In our earlier work, by combining ion mobility with
electrospray ionization (ESI) mass spectrometry, we showed
that successive attachment of Au atoms to the protein
backbone leads to gradual unfolding of the protein.”> However,
whether such unfolded conformers of the protein end up being
retained in the final cluster or not was not addressed.

In the following, we present an investigation into the
conformational change of lysozyme (Lyz) from its native state
to the final cluster by hydrogen/deuterium exchange mass
spectrometry and infrared spectroscopy. The extent of change
in protein-protected clusters was found to be similar to that of
the Au-attached protein adducts, implying that structural
changes arise right from the initial stage of metal binding itself.
Fast exchange of all labile hydrogens in the amide backbone of
the adducts confirmed their greater solvent accessibility
compared to the protein, courtesy of their unfolded nature.
Similar unfolded structure of the protein leads to a rapid and
complete exchange of all hydrogens in the cluster. This study
has given a new insight into the changes in the protein
structure upon cluster formation, which has been difficult to
explore. The extent of structural change in Lyz was observed to
be more for Au binding than for Cu and alkali-metal ions.
Computations allowed us to understand the change in the
solvent accessible area of protein and the specific regions in
which such changes occurred. Collectively, data present new
insights into an unknown area of structural changes in a
protein in protein-protected clusters.

B METHODS

Materials. Tetrachloroauric acid trihydrate (HAuCl,:
3H,0) was prepared in-house starting from elemental gold.
Lyz (>90% purity) was purchased from Sigma-Aldrich. Sodium
hydroxide pellets were purchased from a local supplier
(Rankem, India). Milli-Q water and D,0 (Sigma-Aldrich)
were used in all experiments. Sinapic acid (99% purity) used as
a matrix for MALDI MS was purchased from Sigma-Aldrich.
All chemicals in the experiment were used without further
purification.

Instrumentation. Most of the experiments reported in this
paper were carried out using a Waters Synapt G2Si HDMS
instrument. This 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. All experiments were carried out in the positive ion
mode. Nal was used for the calibration of the instrument. To
get a well-resolved mass spectrum, the following optimized
conditions were used.

Sample concentration: 1 pg/mL.

Solvent: water and D,O.

Flow rate: 10—20 pL/min.

Capillary voltage: 2—3 kV.

Cone voltage: 20 V.

Source offset: 20 V.

Desolvation gas flow: 400 L/h.

Source temperature: 100 °C.

Desolvation temperature: 150 °C.

Fourier transform infrared (FTIR) spectra were measured
with PerkinElmer Spectrum 2 with UATR attachment.

MALDI MS data of Lyz and Aug@Lyz cluster were
measured using a Voyager-DE PRO Biospectrometry Work-
station of Applied Biosystems. A pulsed nitrogen laser of 337
nm was used for ionizing the protein and the cluster in the
presence of the sinapic acid matrix. Spectra were collected in
the positive mode and an average of 250 shots was used for
each spectrum. The matrix solution was prepared using 1:3
mixture of acetonitrile and 0.1% trifluoroacetic acid (TFA) in
Milli-Q water. For 100% D,O experiment, acetonitrile-ds,
deuterated TFA, and D,O was used in the same ratio. The
cluster solution (S pL) was mixed thoroughly with SO uL of
the matrix mixture. The resulting mixture (2.5 uL) was
spotted, and the dried droplet was used for analysis.

Synthesis of Aug@Lyz. Lyz (S mg) was dissolved in 1 mL
of Milli-Q water. 1.25 mM Au* aqueous solution was
incubated with Lyz to make Au,—Lyz adducts. NaOH (1 M)
(100 uL) was added to the adduct to make Aug@Lyz clusters.
Before ESI MS, the adducts were diluted in Milli-Q water. For
the hydrogen/deuterium exchange study, the samples were
diluted in H,O as well as D,O. Finally, for a 100% hydrogen/
deuterium MS experiment, the Au,—Lyz adduct and the cluster
was lyophilized and then dissolved in 100% D,O.

Computational Details. In our previous study, gold-
induced structural changes in Lyz were investigated using
classical molecular dynamics simulations.”” The simulated
structures from our previous study have been taken further to
understand the dynamics for 150 ns. In the simulations of Lyz
and Aug—Lyz, similar protocols were followed as in our
previous study. The structure of Lyz was taken from the
protein data bank (pdb id: 1AKI)."” Details of the secondary
structure have been calculated using dictionary of the
secondary structure of the protein protocol.

B RESULTS AND DISCUSSION

Brown-colored Aug@Lyz cluster solution exhibits intense red
luminescence under UV light irradiation (inset, Figure la).
The UV—vis spectrum of this cluster solution showed one
broad peak around 280 nm and a broad hump from 320 to 380
nm, shown in Figure S1. This luminescent cluster showed two
broad excitation peaks, one between 340 and 380 nm and
another between 450 and 550 nm along with two emission
peaks at 440 and 650 nm (Figure la). The first peak
corresponds to the protein shell and the second one is due to
the cluster core, respectively. Two-step formation of Aug@Lyz
involving the addition of Au®* ions to form the Au,—Lyz
complex in the first step is followed by the addition of NaOH
to complete the cluster formation inside the protein moiety in
the second step, and it is shown schematically in Figure 1b.
The luminescent cluster along with its parent protein (Lyz)
was subjected to MALDI MS to probe the atomicity of the
gold core. Lyz showed its molecular ion peak at 14.3 kDa and a
shift of 1576 Da from the parent protein confirmed the
formation of the Aug core inside the Lyz cavity (Figure lc).
Lyz consists of a total of 129 amino acids, 19 basic groups, and
255 labile hydrogens with 126 amide groups in the backbone.*®
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Figure 1. (a) Excitation and emission spectra of the Aug@Lyz cluster. Photographs of the cluster solution taken under visible and UV light are
shown in the inset. (b) Schematic representation of the one-pot formation of the luminescent cluster. (c) MALDI MS of Lyz (lower panel) and
Aug@Lyz (upper panel) showing their H/D exchange behavior. Time-dependent H/D exchange IR spectra for Lyz (d) and Aug@Lyz (e). Time

refers to the time of exchange reaction.

To access the change in the conformation of Lyz during the
course of cluster formation, hydrogen/deuterium exchange
mass spectrometry was employed. In these experiments, both
Lyz and Aug@Lyz were allowed to exchange for 24 h in 100%
D,0O, followed by MALDI MS to quantify the number of
exchanges in both the cases. The deuterated matrix was used in
MALDI MS sample preparation to avoid the possibility of back
exchanges. A shift of m/z 255 was observed in the spectrum of
Aug@Lyz, corresponding to the exchange of all the labile
hydrogens associated with the amide backbone but a shift of
only m/z 190 was observed for Lyz (Figure 1c). It indicates
that all amide hydrogens were exchanged in the clusters, unlike
in the case of the protein. It is to be noted that continuing the
hydrogen/deuterium exchange reaction beyond 24 h for Lyz
did not increase the extent of exchange, shown in Figure S2.
The exchange behavior exhibited by Aug@Lyz was very similar
to that of denatured Lyz, reported earlier.”® Denaturation of
Lyz using dithiothreitol results in the breakage of the disulfide
bonds, making all the amide hydrogens available for exchange;
some of them are not available in the original globular form.
Interaction of Au’* with Lyz in the first step of cluster
formation also results in the cleavage of disulfide bonds and
formation of Au—S bonds.”” Consequently, all amide hydro-
gens of Aug@Lyz get exposed to the solvent, indicating
structural alteration of Lyz upon cluster formation.
Monitoring the hydrogen/deuterium exchange with IR
spectroscopy for both Lyz and Aug@Lyz provided strong
support to the mass spectrometric observations. The solutions
of native Lyz and freeze-dried Aug@Lyz in pure D,O were
subjected to time-dependent IR spectroscopy, and the intensity
of the amide II band was closely monitored. In the deuterated
medium, the band which originally appears around 1550 cm™
(band II) got shifted to around 1450 cm™". The hydrogen/
deuterium exchange (Figure 1d) resulted in a gradual decrease
in the intensity of band II along with an increase in the
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intensity of 1450 cm™'. However, it is important to note that
complete disappearance of band II was never observed, even
after prolonged (24 h) incubation. On the other hand, the
complete disappearance of band II happened within 15 min in
the case of Aug@Lyz (Figure le). Note that spectra were
collected with attenuated total reflection—FTIR and data
collection typically took <1 min. This shows a clear difference
in the secondary structure between Lyz and the protein shell in
Aug@Lyz. A similar observation of the hydrogen/deuterium
exchange was reported for heated protein solutions where heat
promotes the formation of random coils.”® Hydrogen/
deuterium exchange of heated Lyz is shown in Figure S3.
The random coils formed were exposed more to the solvent
compared to highly organized a-helixes and f-sheets. There-
fore, complete hydrogen/deuterium exchange happened, at a
faster rate. During cluster formation, the protein secondary
structure gets similarly uncoiled; thus, complete exchange is
observed in the case of Aug@Lyz, unlike in the native protein.

Further insights into the rate of the hydrogen/deuterium
exchange in connection with change in the protein
conformation during cluster formation required a fast analysis
method with minimal sample preparation to perform time-
dependent analysis. Because MALDI MS requires extensive
sample preparation, it is unsuitable for such a study. ESI, on
the other hand, is a fast soft ionization method, which
produces intact, multiple protonated ions from protein
molecules in solution without the need of sample prepara-
tion.”® Moreover, the well-defined charge state distribution of a
protein in ESI MS is often used as a thumbprint and change in
their charge state distribution is used to probe the changes in
protein conformations, making it a suitable technique for our
purpose. The conformational alteration of the protein due to
the formation of Au,—Lyz adducts in the first step of cluster
formation was probed first to get an idea about the changes
associated with the breakage of the disulfide bonds in this step.
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Figure 2. H/D exchange mass spectra of Lyz and Au,—Lyz, respectively, in 100% D,0, ESI MS (a,b); expanded ESI MS from a single-charge state
(¢,d); and deconvoluted MS (e,f).

The net positive charge on the native protein in solution is ions, and the cluster acquires a similar protein shell structure,
lower than the unfolded one. Protein molecules are tightly in terms of position and accessibility of the amide groups.
folded in their native state having some of their basic sites Because the final cluster (Aug@Lyz) does not ionize under
buried and involved in strong H bonded interaction, and these electrospray conditions, detailed experiments were carried out
do not protonate in solution.”® This is observed in ESI MS of with the Au,—Lyz adducts.

Lyz (Figure 2a), which consists of 129 amino acid residues A basic idea about the extent of structural change in the
having 19 basic sites, but all these charge states do not appear proteins could be derived by exploring how fast and how many
in the mass spectrum. Interaction of Lyz with Au’* during of the hydrogens can be exchanged.”” This again would be
cluster formation results in the breakage of all four disulfide dependent on both the exposure of exchangeable hydrogens
bonds present in it. This in turn unfolds the protein, and all toward the solvent molecules as well as the percentage of D,O
basic sites became exposed to the solvent, resulting in an in the surrounding medium. To account for both these effects,
increment in the intensity of the higher charge states (Figure we monitored the kinetics of exchange at different D,0O
2b). The simulated structures of Lyz and Aug—Lyz were shown concentrations (20, 50, and 100%) through ESI MS.
in Figure S4. The loss of the helical content on binding with Surprisingly, at the lowest D,O (20%) concentration, both
gold ions was noticed when compared to parent Lyz. Helical Lyz and Au,—Lyz exhibited similar behavior in terms of speed
and beta conformations after binding of gold ions decreased by of exchange and the number of total hydrogens exchanged
15 and 3%, respectively. A decrease in the number of H-bonds (Figure S6). This indicates that parts of the protein structure
between the backbones, which is responsible for the formation remained intact even after cluster formation. Because the
of different secondary structures, was calculated (Figure S5). structure is closely related to protein function, those functional
The reduction of hydrogen bonds is more in the case of Aug— parts are also likely to remain intact, which has been seen in
Lyz than for Lyz. The average number of hydrogen bonds in the past.’® We have not evaluated the functions of Aug@Lyz.
Lyz and Aug—Lyz are 88 and 76, respectively. The reduction of Increasing the D,0O concentration to 50% starts to show
hydrogen bonds correlates with the loss of helical and beta differences in the exchange behavior. Figure 3a shows the
sheet content due to adduct formation, in line with the hydrogen/deuterium exchange of the native protein with time,
denaturation of Lyz in the process. Spectra obtained after a and Figure 3b shows the same for the Au-added protein. Time-
complete exchange of replaceable hydrogens for both Lyz and dependent exchange shows gradual change in the case of Lyz,
Au,—Lyz in 100% D,O are overlaid in Figure 2a,b, respectively. which is distinct from the adduct behavior. Figure 3c,d shows
Expansion of the +10 charge state for Lyz and +11 charge state the exchange behavior for the native protein and Au-added
for Au,—Lyz (selected due to reduction in the intensity of the protein in 100% D,O, respectively. In 50% D,O, a shift in the
+10 state), respectively, is shown in Figure 2¢,d, which showed m/z value is less for both of the species. This can be explained
clear differences in deuterium exchange that became apparent in two ways. One aspect is that as the samples are in
upon deconvolution. The deconvoluted spectrum for Lyz equilibrium, the back exchange made a broad distribution. The
(Figure 2e) showed a mass shift of 190; same was observed in other possibility is that reduced availability of deuterium in
MALDI MS, while Au,—Lyz (Figure 2f) showed a mass shift of 50% than in 100% medium made the difference. In 100%
25S. The mass shift for Au,—Lyz adducts matched with the medium, the environment is fully deuterated, and there was no
mass shift observed for the Aug@Lyz clusters. This points to back-exchange, thus the difference for both the species will
the fact that structural change in the amide region of the increase. In the case of the adduct in 100% D,O, within 15
protein happens in the beginning stage of incubation with Au®* min, all exchangeable hydrogens were exchanged with
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D,0 in specific regions. (a,c) Change of the mass spectrum for Lyz
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Au,—Lyz. The MS of Lyz and Au,—Lyz are in +10 and +11 charge
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deuterium, whereas for the parent protein, 180 hydrogens were
exchanged in 1 h. This large change in the number and the
time of hydrogen exchange of the adduct points toward the
structural change of the adduct. Addition of Au** to Lyz
increased the availability of the amide hydrogens for exchange.
The ESI MS of hydrogen/deuterium exchange (with all the
charge states) in 50% D,O (Figure S7) and in 100% D,0O
(Figure S8) are presented separately.

A kinetic plot of the % decay of H, that is, reduction in
number of hydrogen due to exchange with deuterium and total

number of H exchanged with time is presented in Figure 4a.
When a protein is exposed to D,O environment, the rate of
hydrogen exchange will depend on the presence of the amide
hydrogens whether they are H-bonded or accessible to the
aqueous solvent. The kinetics of percentage decay of hydrogen
with time is fitted for both the species. Because a mono- and
biexponential fit was inadequate to cover all the data points, a
triexponential fit was used. The three rate constants, k;, k,, and
kyare 0.7 X 10°h™, 0.2 X 10 h™}, and 0.2 X 10™" h™ for native
protein and for the adduct, the values are, respectively, 16 X
10°h™, 3.3 x 10 h™}, and 33 X 107" h™". Initially, the exchange
rates were fast but with time, it decreased. The difference in
the rate constants indicates the difference in the structure of
the exchanging species. This difference indicates that the amide
hydrogens in the adduct were more exposed to the solvent
than the protein. Solvent accessible surface area (SASA) is the
surface area of a biomolecule, which is accessible to smaller
molecules.”’ The calculation of SASA is often used to
determine the folding and stability of the protein in solution.
The calculation of the SASA value at the atomic level is very
difficult experimentally. The breakage of hydrogen bonds
between amide bonds in the helical conformation made the
hidden back bone expose to the environment. Figure 4b
showed that the calculated SASA value was more for the
adduct than for the native protein. The overlapped structure
(amide region) of the adduct and Lyz (Figure 4c) and the
same in mapped surface areas (Figure S9) showed the
increased surface area in Aug—Lyz compared to Lyz. The
availability of amide bonds to the environment increased the
hydrogen/deuterium exchange, which was observed in our
experiments. The increased value in the adduct indicated the
unfolded structure of the protein. During cluster formation, the
folded structure of Lyz became relaxed and less ordered. This
change in the protein structure enhanced the exchange rate
than the tightly folded structure of native Lyz.

(a)

100

©
k=3
1

60 4

40

% Decay of H (fitted)

20

3 4
Time (h)

g

75 4

SolventAccessible Surface Area (nm?)

68 4
0

T T T
70000 105000 140000

Time (ps)

T
35000

Total no. of H exchanged

Figure 4. (a) Comparison of H/D exchange kinetics of Lyz and Au,—Lyz in 100% of D,O. The % decay in the number of H and total number of H
exchanged is plotted against reaction time. The decay curve was fitted triexponentially. (b) Computationally obtained SASA for Lyz and Au,—Lyz.
(c) Overlapped structures of Lyz and the protein backbone (without the metal) of Aug—Lyz, showing structural deviation from the native state.

17602

DOI: 10.1021/acs.jpcc.9b04009
J. Phys. Chem. C 2019, 123, 17598—17605


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b04009/suppl_file/jp9b04009_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b04009/suppl_file/jp9b04009_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b04009/suppl_file/jp9b04009_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b04009

The Journal of Physical Chemistry C

Cu,-Lyz
100% D,O
+10

(a) 2c0  x 2Cu (b) 100
< 80

Q

E=3

(=

T
%S 60

>

3

[

a
= 40
. 20

L,
T T T T T 1
1425 1440 1455 1470 1485 1500
miz

i—
/i-———-“‘”’— * Laoo
" ' -
S
150 £
=
[&}
3
1100 T
=]
S
<
-50 S
=
R
) -0
2 3 4 5 6
Time (h)

Figure S. (a) Time-dependent MS of Cu,—Lyz in 100% D,0O, showing the changes in the +10 charge state. (b) % decay of H and total number of
H exchanged with time. The decay curve was fitted with a triexponential function.

Although not as diverse in their applications as the Au ones,
protein-protected Cu clusters have also been synthesized.
These clusters are generally blue luminescent,””*” though a
few red luminescent ones have also been reported.”* Cu®" salts
are generally used as the precursor to synthesize such clusters.
To explore if metal to protein interaction follows a general
trend leading to the formation of clusters, we prepared Cu,—
Lyz adducts and followed their hydrogen/deuterium exchange
behavior. ESI MS of Cu,—Lyz adducts showed that a
maximum of eight Cu could bind with Lyz (Figure S10).*
The time evolution of hydrogen/deuterium exchange, followed
with ESI MS, for the +10 region (Figure Sa), in 100% D,0O
medium showed a few key differences than in Au,—Lyz
adducts. While the total number of hydrogens exchanged were
higher than that in Lyz (Figure Sb), the rate of exchange was
much slower than in Au,—Lyz. A similar observation was again
made when the reaction was performed in 50% D,0 medium
(Figure S11). Moreover, a complete exchange of all
exchangeable hydrogens was never achieved in these cases,
even with prolonged incubation of Cu,—Lyz in 100% D,O
(data are presented in Figures S12 and Sa). To compare the
kinetics, the rate constants of hydrogen/deuterium exchange
were calculated in 100% D,O environment (Figure Sb).
Slightly higher values of the rate constant were observed for
Cu,—Lyz (k, ky, and k; were 0.7 X 10> h™!, 0.4 x 10 h™!, and
0.5 X 107" h7', respectively), albeit of the same order as
observed in Lyz. This indicates that while Cu-binding also
alters the structure of a protein from its native state, the degree
of alteration is less pronounced than brought about by Au
binding. This could possibly stem from differences in the mode
of binding of the metal ions.

XPS of both Au,—Lyz and Cu,—Lyz was performed to
confirm whether different binding modes of metal ions are
indeed responsible for the different degrees of alteration of the
protein structure. The XPS spectrum in the Au 4f region
(Figure 6a) showed that almost all gold is in the +1 charge
state (Au 4f;/, and Au 4f;, at 85.2 and 88.9 eV, respectively).
This is in line with the notion that Au** oxidizes and breaks the
disulfide bonds in protein and gets reduced to Au'* in the
process (during the first step of cluster synthesis). XPS of Au 4f
for the cluster is shown in Figure S13. Cu 2p;/, in Cu,—Lyz
was observed at 940.4 eV (Figure 6b), revealing that copper
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Figure 6. XPS spectra of Au,—Lyz (a) and Cu,—Lyz (b), in the Au 4f
and Cu 2p regions, respectively, showing that Au'* and Cu®* are
present in them. Peaks were fitted after background subtraction.

remained in the +2 oxidation state in the adduct. The
configuration interaction satellite peaks for both Cu 2p;/, and
2p,/, were also present. The presence of Cu®" in the Cu,—Lyz
adduct indicates that its binding to Lyz does not involve
oxidation—reduction reaction unlike in the case of Au. It is
likely that Cu binding does not result in complete disruption of
the disulfide bonds, and hence, the protein structure was found
to be less altered. A higher degree of affinity of S toward Au
over Cu could very well be the reason for their different
binding modes in proteins.

ESI MS examination of the alkali metal adducts of Lyz
showed clear differences in their interaction in comparison to
Au and Cu. Attachment of 8—10 Na* ions, 6—8 K* ions, and
2—3 Rb" ions is shown in Figure 7a. With increase in the ionic

DOI: 10.1021/acs.jpcc.9b04009
J. Phys. Chem. C 2019, 123, 17598—17605


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b04009/suppl_file/jp9b04009_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b04009/suppl_file/jp9b04009_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b04009/suppl_file/jp9b04009_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b04009/suppl_file/jp9b04009_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b04009

The Journal of Physical Chemistry C

T T T U
1590 1600 1610 1620
m/iz

(b)

Lyz & Rb*

T T T T
1580 1600 1620 1640
miz

Figure 7. Interaction of Lyz with alkali metals; (a) ESI MS of alkali
metal-attached Lyz adducts. (b) H/D exchange MS in the +9 charge
state of alkali metal-Lyz adducts in 100% D,O showing similar
exchange for all alkali metal jons.

radii down the group showed reduced number of attachments.
However, a very similar distribution of the charge state to
native Lyz for all alkali metal jons (Figure S14) confirms
retention of the protein structure in these adducts. The
interaction of alkali metals with protein is of great interest due
to their physiological roles and has been studied extensively.
They are known to coordinate with proteins through cation—pi
interactions. Aromatic amino acids of proteins such as
phenylalanine, tyrosine, and tryptophan are the binding sites
for such interaction.”® Na* has been known to bind with indole
present in the side chain of tryptophan residues in the case of
Lyz’”*® Hydrogen/deuterium exchange MS studies further
prove the retention of protein conformation upon alkali metal
ion binding (Figure 7b). The number of hydrogens exchanged
was the same for all these ions and are also equal to that for
Lyz. Because for the aromatic amino acids, which are the
binding sites for alkali metal ions remaining exposed to the
solvent in the native protein itself, the metal ion attachment
does not affect the structure of the protein. On the other hand,
both Au and Cu binding affect the disulfide bonds in Lyz,
bringing about large structural changes in the process.

Bl CONCLUSIONS

Conformational changes in the protein structure in the Aug@
Lyz cluster were manifested in more protons being exchanged
in hydrogen/deuterium exchange mass spectrometry. The
uncoiling of Lyz during the course of cluster synthesis exposes
all 255 amide hydrogens to the solvent, making their exchange
possible. A part of these amide groups remain buried deep
inside, in the tightly folded native state of Lyz, resulting in only
190 exchanges. These changes in the amide region of the
protein became further apparent from IR spectroscopy. Mass
spectrometric examination of the intermediate Au-bound Lyz
adducts revealed their uncoiled nature to be similar to Aug@
Lyz and was supported by the computational results.

Attachment of Au’* ions to the cysteine residues through the
cleavage of the disulfide bonds in the first step of cluster
synthesis brings about structural changes in Lyz and those are
retained in the final cluster. Structural deviation in the Cu,—
Lyz complexes was much less prominent than the Au ones,
while alkali metal ions did not alter the structure at all. This
could be attributed to the lower binding affinity of Cu toward S
than Au and therefore, the corresponding ions interact
differently with Lyz. For alkali metal ions, binding occurs
only on the exposed amino acids. This study presents a step
toward understanding the structure of the protein shell in
protein-protected clusters, without which a complete picture of
these complex entities would remain elusive.
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