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ABSTRACT

In this study, the interactions of two gold nanoparticles of different sizes (average diameters of 3.7 ( 2.6 and 17 ( 3 nm) with octameric
mycobacterial porin A from Mycobacterium smegmatis (MspA) and a mutant of MspA featuring a cysteine mutation in position 126 (Q126C)
are investigated. From the observation of enhanced photoluminescence quenching, it is inferred that the presence of eight cysteines in the
MspA Q126C mutant significantly enhances the binding of selected small gold nanoparticles within the inner pore of MspA. The large gold
nanoparticle/porin complex shows photoluminescence enhancement, which is expected since the larger nanoparticles cannot dock within the
homopore of MspA due to size exclusion. In addition to the fluorescence experiments, observation of energy transfer from the small gold
nanoparticles to the MspA shows the close proximity of the small gold nanoparticles with the porin. Interestingly, the energy transfer of the
large nanoparticle/MspA complex is completely missing. From high-performance liquid chromatography data, the estimated binding constants
for small Au@MspA, large Au@MspA, small Au@MspAcys, and large Au@MspAcys are 1.3 × 109, 2.22 × 1010, > 1012 (irreversible), and 1.7 ×
1010, respectively.

Proteins are macromolecules with dimensions in the nanom-
eter range that can be tailored to specific needs by site-
directed mutagenesis. Combining nanoparticles with proteins
is desirable to extend the functionality and transferability of
both proteins and nanoparticles. Nanoparticles have been
successfully linked to antibodies,1,2 aptamers,3,4 and en-
zymes.5,6 Extensive work has been done creating nanopar-
ticle/biomacromolecule complexes by many groups,7–9 but
challenges remain. Specifically, using protein/nanoparticle
complexes has been severely hampered by the problem that
most proteins lose their structural integrity in a non-native
environment, limiting their potential use in many analytical
and clinical procedures.10

The octameric porin A from Mycobacterium smegmatis
(MspA) forms a homopore, which distinguishes itself by its
extraordinary stability, suitable geometric dimensions, and
an amphiphilic nature. This porin features a very hydrophobic
docking unit that is able to penetrate virtually any cell
membrane. When MspA is doped with a nanoparticle (NP)
of suitable dimensions (<5 nm in diameter), the resulting
nanoparticle@MspA assembly will reconstitute within virtu-
ally all human (mammalian) cell membranes using the
strongly hydrophobic “docking region” (see Figure 1). The
geometric dimensions of this docking region are 3.7 nm in
length and 4.9 nm in diameter.11 In sharp contrast, the inner

pore of MspA is hydrophilic. The diameter of the inner pore
changes from 4.8 nm at the pore’s entrance to 1.0 nm at its
constriction zone (bottleneck). Due to the strong binding of
hydrophilic functional groups to the surface of gold (and
other metal) nanoparticles, the inner pore can act as host for
nanoparticles of suitable size. In order to test the potential
of this porin to dock nanoparticles, two different sizes of
gold nanoparticles are synthesized. Thiols are known to bind
most strongly to gold surfaces and to competitively displace
other functional groups, such as amines and carboxylates.
Therefore, the effect of a cysteine mutant of MspA (Q126C,
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Figure 1. Crystal structure of MspA.8 Surface representation (side
view): green, hydrophilic amino acids; yellow, hydrophobic amino
acids. Dimensions are given in nanometers. The position of the
constriction zone (d ) 1 nm) is marked with an arrow. The inner
channel lining is indicated by black lines.
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henceforth abbreviated as MspAcys) is also investigated on
the binding of gold nanoparticles.

Our Au@MspA adducts are intended for plasmonic
hyperthermia12 experiments and serve as model compounds
for magnetic hyperthermia experiments.2 Compared to other
methods for treating cancer, such as chemotherapy and
radiation, hyperthermia has profound advantages: (A) When
heated above 45 °C, mammalian cells die because of protein
misfolding, impairing DNA transcription, and many other
metabolic functions.13 Furthermore, the kinetic energy of the
phospholipids in the cell membrane can exceed the hydration
energy barrier, which holds them within the supramolecular
assembly of the membrane. The membrane of mammalian
cells at 43 °C dissolves in the surrounding aqueous buffers,
rendering the membrane freely permeable to small ions. This
process leads to either necrosis (leakage of the cell compo-
nents in the human body) or apoptosis, depending on the
amount of ion influx into the cytoplasm and the efficacy of
the cellular repair mechanisms, which can be also impaired
by hyperthermia.14 (B) Heat is not toxic and will not destroy
too many healthy cells, if the heating can be restricted to
the tumor region(s) with precision. With nanoparticles,
heating can be either induced by multiphotoabsorption at 800
nm,15 where human tissue is almost transparent and does
not scatter significantly,16 or by the application of a local
AC field when magnetic nanoparticles are used.

MspA Porin/Gold Complex. Nanoparticle/protein com-
plexes represent a unique class of materials that are able to
increase the functionality of the individual components. We
have assessed the ability of the very stable porin (MspA)
from M. smegmatis to bind two very differently sized gold
nanoparticles in the hydrophilic inner pore. The binding of
the gold nanoparticles has been probed by observing the
fluorescence and phosphorescence of tryptophan molecules
positioned in the protein (Figure 2a). MspA contains eight
identical amino acid chains. Each MspA chain is composed
of 184 amino acid residues and contains four tryptophan
fluorophores at positions 21, 40, 72, and 181. The positions
of the 32 tryptophans of the MspA are shown in Figure 2a.

In order to determine the geometrical requirements for the
formation of a gold nanoparticle and MspA complex
(Au@MspA) a series of calculations are performed using
the porin octamer coordinates obtained from the crystal

structure (PDB code: 1UUN). Figure 2 predicts that the
optimal size for the complex formation involves a nanopar-
ticle with a diameter of 4 nm. A larger diameter will not fit
into the porin, while a smaller diameter will not be able to
covalently attach to all eight C126 residues simultaneously.
SmallerAuclusterscouldenterandbindasymmetricallysalthough
their ability to totally block the porin would be reduced
substantially. The figure also suggests that a 4 nm diameter
Au nanoparticle should form a complex with its center
approximately 5.1 nm away from the constriction zone and
with Au atoms within 0.42 nm of the C� of residue 126.
While this is slightly larger than the optimal distance of 0.33
nm (see Methods), covalent attachment can easily be
accommodated by small, but benign, changes in the porin
structure. The covalent attachment to C126 is predicted to
occur around the equator of the nanoparticle. Finally, we
note that in the above complex the closest tryptophan to Au
distances are approximately 2.5, 1.1, 1.4, and 2.0 nm for
residues 21, 40, 72, and 181, respectively.

The transmission electron microscope images of these two
samples are shown in Figure 3. The size histograms of the
gold nanoparticles are also presented in the figure. The
average sizes are 3.7 ( 2.6 and 17 ( 3 nm. The respective
sizes of the gold nanoparticles used in our experiments are
both smaller and larger than the channel opening of MspA,
which is 4.8 nm. It is apparent from these data that the larger
gold nanoparticles are unable to fit into channel opening or
even the outer pore of MspA. However, the sample of smaller
gold nanoparticles feature a significant fraction that is less
than 4.8 nm in diameter. Fortunately, nanoparticles with
diameters of 4.0 nm correspond to the most common particle
size synthesized for the small Au clusters. Our experiments
are based on the mechanistic paradigm that the smaller gold
nanoparticles are in close proximity to the tryptophan side
chains at positions 21, 40, 72, and 181. Hence, this will result
in different spectral features than for larger nanoparticles
which have to remain outside of the central pore of MspA.

Stationary luminescence experiments of the Au@MspA
complexes have been performed. The goal of these experi-
ments is to confirm the presence of Au@MspA complexes
when using smaller nanoparticles and to discern the effect
of the various sized gold nanoparticles on the tryptophan
emission. Furthermore, the effect of the cysteine mutant

Figure 2. (a) The optimal arrangement for a nanoparticle of radius 2 nm. The closest S-Au distance is 0.42 nm. Gray represents the CR

backbone, gold the Au sphere, blue the Trp, and red the Cys 126. (b) The distance (D) of the nearest Au atom of the nanoparticle to the
C� of residue 126 as a function of distance from the base of the porin (Z) along the central axis of the porin. The origin (Z ) 0) is defined
by the CR position of each D91 residue. The lines correspond to spherical Au nanoparticles of varying radius (R), and the horizontal line
is the optimal C�-Au distance (0.33 nm) required for S-Au bond formation (0.24 nm). Curves are truncated when an Au atom is located
within 0.3 nm of a backbone or C� atom of the porin (steric overlap). An optimal arrangement is observed for a nanoparticle of radius 2
nm (containing 1956 atoms) located at Z ) 5.1 nm with a C�-Au distance of D ) 0.42 nm.
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MspAcys on the binding of gold nanoparticles is studied by
luminescence spectroscopy. MspAcys contains a ring of eight
thiol groups within the pore that are only accessible to the
smaller gold nanoparticles.

It is well-known that the photoluminescence of a fluoro-
phore is greatly affected by the presence of a metal surface.
Briefly, the presence of a metal surface affects the radiative
and nonradiative rates of fluorescence and phosphorescence
as well the rate of light absorption.17 These effects are even
more pronounced with metal nanoparticles when their surface
plasmon resonance is close to the transition of the fluoro-
phore. Qualitatively, the quenching of fluorescence is most
significant if the fluorophore is within a few nanometers of
the surface of the metal nanoparticle. For example, the effect
of fluorescence quenching dominates up to a distance of
approximately 5 nm from the nanoparticle surface. On the
other hand, at distances between 5–20 nm, fluorescence
enhancement is the dominant mechanism.

Both MspA and MspAcys possess several amino acids that
contribute to the total luminescence of the protein. The
strongest emitting fluorophore of MspA is tryptophan.18 The
spectrum features a strong absorption band at 280 nm (Figure
4). The fluorescence emission of tryptophan is centered at
around 350 nm. The quantum yield (Φ) of this primary
fluorescence is known to vary between approximately Φ )
0.20 and Φ ) 0.80, depending on protein conformation and
environment.19

The fluorescence emissions occurring from the excitation
(λ ) 280 nm) of the tryptophans of MspA in the presence
and absence of the small and large gold nanoparticles are
summarized in Figure 5. In all cases the fluorescence
emission band is centered around 350 nm. Both MspA and

MspAcys show similar trends; however, the observed fluo-
rescence quenching by the small gold nanoparticles is more
pronounced in MspAcys, whereas the fluorescence enhance-
ment by the larger gold nanoparticles is less distinct. Note
that the concentrations of MspA and of the gold particles of
the same size are exactly the same, permitting us to draw
direct comparisons of their photophysical behavior. The
absorption cross section of the large nanoparticle is greatly
increased, which could cause large self-absorption effects,
making the comparison of the protein and Au@MspA
complexes difficult. Therefore, the concentration of the large
gold nanoparticles is chosen to be significantly smaller than
that of the small gold nanoparticles. In parts a and c of Figure
5, the fluorescence of MspA (a) and MspAcys (c) by the small
gold nanoparticles drops to 55 ( 20% and 24 ( 20% of its
initial value, respectively. In parts b and d of Figure 5 the
fluorescence enhancements (I/I0) of MspA (b) and MspAcys

Figure 3. Representative TEM images of the gold nanoparticles used in the experiment. (A) TEM image of small nanoparticles. (B) TEM
image of large nanoparticles The size histograms indicating the average size and size distribution of the gold nanoparticles are shown in
(C) and (D), respectively.

Figure 4. Fluorescence (S1 f S0) and phosphorescence (T1 f
S0) spectra of the MspA and MspAcys. The peak originates from
the 32 tryptophans8 present in the proteins. The samples are
photoexcited at 280 nm.
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(d) caused by the larger gold nanoparticles are 270 ( 20%
and 130 ( 20%, respectively.

Interestingly, only freshly prepared small gold samples
exhibited quenching of the fluorescence of MspA. After
aging for a month, the small gold nanoparticle samples
induce increased tryptophan emissions, very similar to the
large gold nanoparticles. We speculate, that the cause for
this effect is most likely the aging (Ostwald ripening) of the

gold nanoparticles, which increases the fraction of bigger
particles and consequently reduces the proportion of the very
small gold particles.

A more detailed comparison of the fluorescence data is
shown in Figure 6. The fluorescence spectra of the previous
data (shown in Figure 5) are normalized to the peak
maximum at 350 nm to observe changes in the fluorescence
peak shape. Clearly discernible changes occur when as-
semblies between MspAcys and the smaller nanoparticles are
formed. The spectra of the wild-type MspA before and after
the addition of nanoparticles differ much less than those for
MspAcys. Interestingly, the red side of the tryptophan
fluorescence is less affected. The difference spectra between
the small gold Au@MspAcys and the MspAcys indicate a
fluorescence peak centered at about 370 nm. On the basis
of previous observations, the 370 nm peak corresponds most
likely to those tryptophan molecules that can be found in a
polar (aqueous) environment.20 On the basis of this observa-
tion, the most likely location of these particular tryptophans
is at position 181, which is located near the porin’s “rim”
and, therefore, exposed to a polar environment. In sharp
contrast, no changes of the peak shapes are observed for the
complexes of MspA with the larger gold nanoparticles.
(Figure 6, panels b and d)).

Finally, a second photoluminescence experiment is carried
out to excite the nanoparticles at a wavelength where no
appreciable absorption of the MspA protein takes place. The
previously described combinations of the MspA proteins and
the smaller and bigger gold nanoparticle samples are shown
in Figure 7. However, excitation is performed this time at
500 nm. The data presented in parts a and c of Figure 7
show that the assemblies of the small gold nanoparticles with
MspA feature emission of the protein’s tryptophans corre-
sponding to the T1 f S0 transition around λ ) 775 nm

Figure 5. Fluorescence spectra of MspA before (solid line) and
after (dashed line) the addition of small (a) and large (b) gold
nanoparticles to the protein solution. Fluorescence spectra of
MspAcys before (solid line) and after (dashed line) the addition of
small (c) and large (d) gold nanoparticles to the protein solution.
The concentration of MspA and MspAcys in the solution is 1.09 ×
10-9 mol/L. The concentration of the small and large gold
nanoparticles in solutions is 3.67 × 10-8 and 1.13 × 10-11 mol/L,
respectively. The excitation wavelength is 280 nm.

Figure 6. Same as Figure 5, but the fluorescence is normalized to the peak maximum. Panel c inset shows the T1 f S0 transition of the
MspAcys before (solid line) and after (dashed line) addition of small gold nanoparticles to the protein solution. The arrows indicate the
position of the relative increase of fluorescence in the spectrum.
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(phosphorescence).20 The occurrence of phosphorescence is
a strong indication that the nanoparticle and protein are
indeed in close contact.21 Interestingly, the complexes
between the large gold nanoparticles and MspAs do not show
the same effect. Note that the sharp features at approximately
550 and 600 nm are Raman lines of the solvents. The
fluorescence of both gold nanoparticles in aqueous solution
is found to be negligible.

The observed differences with respect to the occurrence
of phosphorescence are due to the location of the nanopar-
ticles attached to MspA. Whereas the smaller gold nano-
particles permit their binding within the pore of MspA, the
larger nanoparticles have to be bound at the exterior of MspA
due to size exclusion. The observed phosphorescence quench-
ing of the MspA’s tryptophan units can be regarded as
mechanistic proof of the proximity of the excited gold NP
and at least some tryptophan units within the NP@MspA
assembly. On the other hand, the observed fluorescence
enhancement of the excited tryptophan units in the presence
of the bigger gold nanoparticles clearly suggests that some
kind of binding must take place as well. In principle,
fluorescence quenching could be expected if there is only a
single fluorophore in the protein even in the case of a big
nanoparticle, but there are 32 tryptophans present at various
distances from the large gold nanoparticles since no docking
takes place. In addition, the presence of large gold nano-
particles may interrupt the energy transfer network of
tryptophans. Clearly, in the case of docked small gold
nanoparticles, distance distribution is more symmetric relative
to the metal surface. An important question is where the
nanoparticles are relative to the MspA and MspAcys. When
the protein is anchored on mica, the nanoparticles are bound

to the MspA from the TOP for both small and large
nanoparticles.22

High-Performance Liquid Chromatography (HPLC)
Separation of the Au@MspA Complexes. In order to
estimate the binding constants between MspA and the smaller
and bigger gold nanoparticles, a HPLC procedure is used
that had been originally developed for the purification of
MspA. In Figure 8, two typical HPLC chromatograms
belonging to MspA and the supramolecular adduct of small
gold nanoparticles and MspA are shown. The two peaks of
MspA at 16.4 and 20.8 min occur due to hydrophobic
clustering of MspA; at higher surfactant concentration, only
one peak is discernible (at 16.9 min). However, we would
like to compare HPLC chromatograms that have been
obtained under exactly the same experimental conditions.

It is known from the HPLC purification of other MspA
adducts (e.g., dihydroindolizines as optical switches23 within
the inner pore or ruthenium(II)-quaterpyridinium complexes
as channel blockers24) that the closing of the inner MspA
pore leads to a significant shift of the observed retention time.
They can be found between 1.5 and 3.0 min, depending on
the channel blockers used. We interpret the finding reported
here as independent proof for the binding of the small and
the big NPs to MspA. In both cases, the channel is blocked
by either binding within (small NPs) or on top of MspA (big
NPs).

The binding constants of both nanoparticles with MspA
are calculated according to

KB )
[Au@MspA]

([Au]0 - [Au@MspA])([MspA]0 - [Au@MspA])
(1)

Figure 7. Photoluminescence spectra of MspA before (solid line) and after (dotted line) the addition of small (a) and large (b) gold nano-
particles to the protein solution. Photoluminescence spectra of MspAcys before (solid line) and after (dotted line) the addition of small (c)
and large (d) gold nanoparticles to the protein solution. The concentrations of protein and nanoparticles are the same as before. The sharp features
are Raman lines of the solvents. The photoluminescence of only gold nanoparticle solution (not shown) is negligible in the solution.
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where KB is the binding constant, [Au@MspA] is the
concentration (mol/L) of the supramolecular assembly of
small or big gold nanoparticles and MspA, [MspA]0 is the
concentration of MspA (mol/L) in the absence of NPs, and
[Au]0 is the starting concentration of the nanoparticles (mol/
L). The results are summarized in Table 1.

It is of importance for hyperthermia experiments using
either gold nanoparticles or magnetic particles featuring an
outer layer of gold that the binding constants of the small
gold nanoparticles are very high. We have shown that these
particles are able to bind within MspA and thus form 1:1
supramolecular complexes. If MspAcys is used, the binding
constant increases by at least 3 orders of magnitude indicating
that these assemblies will be stable enough for their use
within the (human) body. It is of interest as well that the
binding constants between MspA and the big gold nanopar-
ticles are distinctly higher than those of MspA and the
smaller nanoparticles. We propose the possible reason for
this behavior: (a) the big gold nanoparticles that are excluded
from the interior of MspA can bind to the hydrophobic
docking zone of MspA and (b) therefore clusters of MspA
and the big gold nanoparticles are likely. However, eq 1 only
describes 1:1 stoichiometry and we do not know the
aggregation numbers of possible clusters. Therefore, the
binding constants calculated for the big nanoparticles and
MspA according to (1) are most likely high too.

The interactions of two gold nanoparticles of different sizes
(average diameters of 3.7 ( 2.6 and 17 ( 3 nm) with the
wild type of the mycobacterial porin MspA and a tailored
cysteine mutant MspA Q126C by means of fluorescence/
phosphorescence spectroscopy are studied. Strong quenching
of the MspA’s tryptophan fluorescence is observed, indicat-
ing that the small gold nanoparticles are able to dock within
the MspA pore and form supramolecular assemblies. The
addition of eight cysteines within the MspA goblet by site
specific mutation further increases the binding of the small
gold nanoparticles within the MspAcys pore. Exciting the
surface plasmon resonance of the small gold nanoparticles
shows energy transfer to the porin, which is absent in the
case of large nanoparticles. Furthermore, the difference
spectra data indicate there is an interaction between the
protein and the gold nanoparticles. Contrary to the behavior
of the small nanoparticles, the bigger nanoparticles cannot
dock within the homopore of MspA because of size exclu-
sion. This behavior is consistent with the observed fluores-
cence enhancement due to energy transfer from the surface
plasmon of the bigger nanoparticles to the tryptophan
residues of the MspAs.

When the nanoparticles are excited directly, the observed
phosphorescence enhancement of the MspA tryptophan units
is additional mechanistic proof of the formation of Au@MspA
assemblies. Most interestingly, the observed fluorescence
enhancement of the excited tryptophan units in the presence
of the bigger, directly excited, gold nanoparticles clearly
suggests that some kind of binding must take place. These
results are corroborated by HPLC experiments. The binding
constant of the small gold nanoparticles within MspAcys

exceeds 1012 (L/mol). This strongly suggests that Au@MspA
assemblies, when designed correctly, are stable enough to
be used as therapeutic agents.

Experimental Details. Chemicals and Porins. Hydrogen
tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 99.99%),
sodium borohydride (NaBH4, 98%), mercaptosuccinic acid
(98%), abbreviated as MSA, methanol, n-octylpolyoxyeth-
ylene, and sodium citrate (Na3C6H5O7·2H2O) MspA and a
mutant of MspA possessing a cysteine residue in position
126 (MspAcys) were generous gifts from Professor Michael
Niederweis, Department of Microbiology at the University
of Alabama at Birmingham.

Synthesis of Gold Nanoparticles. Small gold nanopar-
ticles were synthesized by the method described by Chen
and Kimura et al.25 Briefly, a mixture of 197 mg of HAuCl4

is dissolved in 4 mL of doubly distilled water and 187.68
mg of MSA dissolved in 100 mL of methanol is prepared

Figure 8. HPLC chromatograms of MspA (A) and small Au@MspA
(B). Upon binding of the nanoparticles, the MspA peak shifts from
16.5/19.8 to 2.8 min (small Au@MspA) and 3.2 min (big Au and
MspA). Note that the peak maxima of the small gold nanoparticles
(1.8 min) and large gold nanoparticles (2.5 min) are distinctly
different (not shown). The corresponding UV-vis spectra (shown
as insets) confirmed the identity of the peaks. Principally, the same
results are obtained when using MspAcys and MspA.

Table 1. Binding Constants KB (L/mol) Calculated from the HPLC
Chromatograms Using Equation 1 and the Starting Concentrations
of [MspA]0 (1.09 × 10-9 mol/L) and Gold Nanoparticles [Au]0:
Small (3.67 × 10-8 mol/L) and Big (1.13 × 10-11 mol/L)

nanoparticle assembly
binding constant,

KB (L/mol)

small Au@MspA 1.3 × 109

large Au@MspA 2.22 × 1010

small Au@MspAcys >1012 (irreversible)a

large Au@MspAcys 1.7 × 1010

a No free MspA could be detected.
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under inert atmosphere. A solution of NaBH4 (189.15 mg
of NaBH4 in 25 mL of water) is slowly added at the rate of
2 mL/min. The solution is then stirred for 1 h. Finally, a
dark-brown precipitate of gold nanoparticles is formed. The
gold nanoparticles are centrifuged at 8500 rpm for 10 min
to obtain a residue of nanoparticles. The nanoparticles are
washed twice with 20% (v/v) water/methanol mixture once
with pure methanol. The large gold nanoparticles are
prepared from the reduction of HAuCl4 solution by sodium
citrate solution as described by Turkevitch et al.26 Briefly, 5
mg of HAuCl4 and 50 mg of sodium citrate are dissolved in
95 and 5 mL of doubly distilled water, respectively. The
HAuCl4 solution is heated to about 70 °C, the sodium citrate
solution is added, and the mixture is vigorously stirred for
50 min. The color of the solution gradually changes from
faint pink to wine red. The resulting large gold nanoparticles
have a size of approximately 17 ( 3 nm.

Neutron Activation Analysis of Gold Nanoparticles. The
concentration of gold nanoparticles in the solution state is
measured by means of neutron activation analysis (NAA).
In this process, a sample and a standard sample are activated
by neutrons under the same conditions. The specific activity
of the samples is then measured. The activity of the samples
after irradiation is directly proportional to the amount
(concentration) of isotope present in the sample. The ratio
of the specific activity to concentration of both samples is
equal. From this relationship, and using the average nano-
particle sizes determined by the transmission electron
microscopy (TEM) analysis, the concentration of gold
nanoparticles in a solution is calculated.

Transmission Electron Microscopy. The sizes of the
different nanoparticles are determined with TEM. This is
achieved using a Philips CM-200 TEM, operating at 100
kV. A small fraction of the nanoparticle solution is diluted
to one-fifth of its original volume, and a drop of the diluted
solution is spread over a copper grid (300 mesh size)
supporting a thin film of amorphous carbon. To reduce the
damage from the electron beam, the sample is cooled to
liquid nitrogen temperature during data collection.

HPLC Analysis of the Nanoparticle and MspA Com-
plexes. The binding constants of both of the small and large
gold nanoparticles bound to MspA are measured by HPLC
(Shimadzu Prominence) employing a POROS HQ/20 anion
exchange column and a flux of 0.50 mL min-1. Two buffers
are used: AOP05 (25 mM HEPES, pH 7.5, 10 mM NaCl,
0.5% OPOE) and BOP05 (25 mM HEPES, pH 7.5, 2 M
NaCl, 0.5% OPOE). A typical gradient is 100% AOP05 (0–5
min), followed by a linear gradient to 100% BOP05 (5–35
min). The eluent is kept at 100% BOP05 (35–50 min).
Finally, the salt concentration is returned linearly to 10 mM
(100% AOP05) (50–60 min). The stop rime is set
at 65 min. Peak detection is achieved using UV-vis (diode-
array).

Modeling of Nanoparticle and MspA Complexes. A
series of calculations are performed using the porin octamer
coordinates obtained from the crystal structure of MspA
(PDB code: 1UUN). First, a gold face-centered cubic lattice
is constructed using the experimental Au-Au contact

distance of 0.288 nm.27 Spherical Au nanoparticles of varying
diameter are then isolated from the lattice. The center of mass
of each nanoparticle is then moved along the central axis of
the porin corresponding to various distances (Z) from the
constriction site. A complex is rejected if any Au atom is
located within 0.3 nm of any porin backbone (N, CR, C, O)
or C� atom. The distance (D) of the nearest Au atom to the
C� atom of the Q126 residue is then determined as a function
of Z. Assuming bond lengths for the C�-S and S-Au bonds
of 0.182 and 0.24 nm, respectively, together with a
C�-S-Au bond angle of 100°28 suggests an optimal C�-Au
distance of 0.33 nm for the formation of S-Au covalent
bonds.
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