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Abstract

By adjustment of solvent conditions for synthesis, virtually monodisperse 4-mercaptobenzoic acid
(p-MBA) monolayer-protected gold nanoparticles, 2 and 3 nm in diameter were obtained. Large
single crystals of the 2 nm particles could be grown from the reaction mixture. Uniformity was
also demonstrated by the formation of two-dimensional arrays and by quantitative high-angle
annular dark-field scanning transmission electron microscopy. The 2 and 3 nm particles were
spontaneously reactive for conjugation with proteins and DNA, and further reaction could be
prevented by repassivation with glutathione. Conjugates with antibody Fc fragment could be used
to identify TAP-tagged proteins of interest in electron micrographs, through the binding of a pair
of particles to the pair of protein A domains in the TAP tag.

INTRODUCTION

Thiolate-monolayer protected gold nanoparticles (AuNPs) are stable, nanometer-scale metal
nanoparticles, passivated by organothiolate monolayers. They have attracted attention for
their ease of synthesis, and for their remarkable chemical and electronic properties(1).
Synthesis by the method of Brust (2) results in polydisperse products (3), whose size range
may be narrowed by purification (4-8), etching (9), annealing (10) or ripening (11).
Homogenous thiolate AuNPs coupled to biomolecules, such as DNA or proteins (12,13),
hold great promise for electron microscopy (14), nanoscale construction (15), enzyme
enhancement (16), and other applications.

We previously reported the formation of a linker-free bond between a thiolate AuUNP and a
protein (17). The method entailed a chemical oxidation step to activate the AuUNP (18),
followed by protein conjugation, and reduction to quench AuNP reactivity. As conjugation
was incomplete, gel filtration was performed to remove unreacted protein and AuNP. The
limitations of this work were a residual size heterogeneity of the purified AuNPs, the
requirement for multiple steps of activation and deactivation, and incomplete conjugation.

We have now overcome these limitations, through the direct synthesis of essentially
homogeneous thiolate AuNPs, a high intrinsic reactivity of the AuNPs, and efficient protein
conjugation. The choice of thiolate and the conditions for AuNP synthesis were important
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for these advances. The implications extend beyond the particular examples and applications
described to the formation and structure of thiolate AuNPs in general.

EXPERIMENTAL SECTION / MATERIALS AND METHODS

Nanoparticle synthesis

Screening of reaction conditions was performed in 96 well plates with 1 ml total volume per
well. Following a reaction time of about 16 hours, product was precipitated by addition of 2
mL methanol, product was collected by centrifugation, the supernatant was removed, and
product was re-dissolved in 50% aqueous glycerol. Product was analyzed by 15T/5C Tris-
borate EDTA buffered polyacrylamide gel electrophoresis (TBE-PAGE), at no more than
150V, until a satisfactory separation was observed in the gel. Reaction conditions explored
in this manner included pH (2-13), p-MBA:Au(lll) ratio (0.5:1 — 10:1), NaBHg4:Au(lll) ratio
(0.5:1 - 10:1), and concentration of aqueous methanol (5% to 95%). Synthesis of 3 nm
AUNPs was identical to that of 2 nm AuNPs except that it was accomplished in 87%
aqueous methanol. Further details of nanoparticle synthesis may be found in Section S1 of
the Supporting Information.

Protein conjugation

For analytical purposes, a mixture containing 0.8 ug of candidate protein, 300 uM Tris-
carboxy ethyl phosphine (TCEP), and 200 uM Auj44 AuNP was incubated in a total volume
of 15 ul at 37°C for 1 h. Control reactions contained water instead of Auj44 AUNP. The
reaction mixture was combined with an equal volume of 50% glycerol and fractionated by
sodium dodecy!l sulfate (SDS) PAGE (12%/3.3C) for 1 h at 150 V.

Preparative gel electrophoresis

In order to drive the reaction to completion, a large excess of AuUNP:scFv was used. Excess
AUNP was removed by native gel electrophoresis. Up to 5 ml of sample may be loaded and
separated in a 5T/5C TBE buffered acrylamide gel, in a Bio-Rad Mini-Protean Il gel
electrophoresis apparatus, with 1.5 mm plate spacing and a single well preparative comb,
run at 80 V constant voltage. The bands are visible in the gel without enhancement by stain,
due to the visible absorption of the AuNP. The bands may be excised with a razor blade,
crushed by passing through a syringe, and eluted into a desired buffer.

Repassivation

In a typical repassivation experiment, a series of 15 two-fold dilutions of glutathione (GSH),
varying from 650 mM to 20 pM, was prepared. Equal volumes (3 pl) of glutathione solution
and gold/protein (500 pg/ml) or gold/DNA conjugate were mixed and incubated for 1 h at
37°C, followed by analysis by 12T/3.3C or 10T/5C PAGE for gold/protein and gold/DNA
conjugates, respectively.

Electron Microscopy

Cryo-EM

Particles shown in figures 2, S1, S2, and S3 were drop cast on 400 mesh glow discharged
carbon-coated copper electron microscope (EM) grids (EM Sciences), and examined in an
FEI CM12 EM, operated at 100kV accelerating voltage.

Samples (3uL,approximately 0.2mg protein/mL) were deposited on copper quantifoil grids
(R2/4 spacing), blotted, and plunge-frozen in liquid ethane with an automated vitrification
apparatus. Samples were imaged in a liquid-nitrogen cooled FEI Tecnai G2 Polara with an
acceleration voltage of 300kV. Images were recorded on a 2k x 2k Peltier-cooled CCD
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camera (Tietz TemCam-F224HD). Images were recorded at —2p underfocus to enhance the
visibility of the nanoparticles. Contrast transfer function correction was not performed, so
protein density was not visible at this underfocus.

Brust synthesis is accomplished in a two-step reaction, by mixing a 3-fold molar excess of
organic thiol and a trivalent gold salt, with a phase transfer catalyst if necessary, to produce
a gold-thiol polymer, which is then reduced with borohydride. The effects of varying the
thiol:gold ratio and borohydride™ concentration have been widely reported. When a water-
soluble product is synthesized, the reaction is typically performed in agueous methanol. We
undertook a systematic exploration of conditions for synthesis of p-MBA -protected gold
AUNPs (19,20), varying the pH, reactant concentration, reduction time, and aqueous
methanol concentration.

Reaction products were analyzed by polyacrylamide gel electrophoresis (PAGE) (7), and
those with narrow size distributions were further analyzed by EM. Optimal yields of AuNPs
were obtained with a pH of 13, a p-MBA: Au(l1l) mole ratio of 3.4:1, and an Au(lll)
concentration of 10 uM. Longer reduction (16-18 h) with less borohydride produced more
uniform product than shorter reaction with more borohydride.

The percentage of methanol in the reaction affected both the size and uniformity of the
product. Reactions performed in 27% and 87% aqueous methanol gave nearly uniform
AUNPs, as shown by sharp bands in PAGE (Figure 1) and the formation of two-dimensional
ordered arrays on EM grids (Figure 2, Supporting Information Figure S2). Approximate
diameters of 2.0 and 3.0 nm were measured for the AUNPs. At other methanol
concentrations, heterogeneous particles were obtained (Supporting Information, Figure S3).

The exceptional uniformity of the 2 nm AuNPs prompted an attempt at crystallization. In the
presence of various salts, including sodium chloride and sodium borate (at least 0.15 M),
and ammonium acetate (at least 0.2 M), single crystals were obtained. The largest crystals,
approximately 300 p in longest dimension, were produced by slow evaporation from sodium
chloride solution, and gave diffraction to 5.5 A resolution (Supporting Information, Figure
S4.) A similar synthesis, differing only in the pH prior to borohydride reduction, led to
crystals of a 1.5 nm particle diffracting to 1.1A resolution (21).

The 2 nm AuNPs were further characterized by quantitative high-angle annular dark-field
scanning transmission EM (HAADF-STM). A value of 144+22 atoms for the gold core was
obtained (Supporting Information, Figure S5.) For comparison, HAADF-STM gives a value
of 13.6+3.4 atoms for the gold core of an Auq3 particle(22). The 15% standard deviation in
the measurement of the 2 nm particles compares favorably with the 25% standard deviation
in the measurement of the Auy3 particle. Much of the measurement error may attributed to
unevenness in the carbon support film. The 1H NMR spectrum of the 2 nm AuNP displayed
a broad band centered on the positions of the peaks from p-MBA, confirming the surface
immobilization of the p-MBA and the absence of any chemical alteration by exposure to
high pH or borohydride (Supporting Information, Figure S6). The UV/Visible spectrum of
the 2 nm AuNPs (Supporting Information, Figure S11) included peaks at ~300 and ~510nm,
and was similar to the spectrum of the well studied “29 kDa compound,”I (23, 24, 25, 26).
This compound has recently been analyzed by high resolution mass spectroscopy and
reported to have a core of Auy44. (25, 26)
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Reaction of p-MBA AuNPs with cysteine-mutant proteins and thiolated DNA

In our previous work, glutathione AuNPs were activated by oxidation with permanganate for
conjugation with the “NC10” scFv antibody fragment (17). Single cysteine residues were
introduced at or near the C-terminus of NC10 for the purpose. Substitution mutants S112C
and A113C contained cysteines in place of the last two structured residues of NC10 revealed
by X-ray diffraction. C-terminal extension mutants 114C — 118C contained cysteines one to
five positions beyond the last structured residue. In addition, in mutants L15C, Q80C,
G15C, and P14C, cysteines were substituted for surface residues elsewhere in the
“framework” region of NC10. Glutathione AuNP conjugates were only obtained with C-
terminal extension mutants 116C — 118C, showing a requirement for exposure of the
cysteine residue for reactivity (17). In contrast, the 2 nm p-MBA AuNP reacted with all
NC10 mutants, resulting in a characteristic gel shift upon SDS-PAGE (Figure 3). Conjugate
formation was essentially quantitative, except in the case of S112C, L15C, Q80C, and G15C
mutants, whose reactivity was slightly diminished. A surface cysteine mutant of catalase,
K560C, showed no reactivity at all (Supporting Information, Figure S7). The 2 nm p-MBA
AUNP reacted rapidly and quantitatively with synthetic oligonucleotides bearing terminal
thiol groups (27) (Supporting Information, Figure S8.)

Reaction of p-MBA AuNPs with native cysteine residues in proteins, and detection by EM

Reaction of p-MBA AuNPs was tested with two proteins bearing native cysteine residues,
muscle actin and antibody Fc fragment. The 2 nm p-MBA AuNP formed conjugates with
three of seven cysteines in muscle actin, as shown by SDS-PAGE (Supporting Information,
Figure S9). Antibody Fc fragment contains two polypeptide chains with a disulfide bond
between them. Following reduction of the disufide bond with TCEP, reaction with both 2
nm and 3 nm p-MBA AuNPs was observed. Detection in this case took advantage of the
strong binding of Fc fragments to protein A, in particular to the two protein A domains in
the widely used Tandem Affinity Purification (TAP) tag (28). EM of AuNP — Fc bound to
TAP-tagged protein showed pairs of closely apposed gold particles. These pairs of particles
were clearly attributable to conjugates, and distinguishable from unreacted AuNP — Fc,
scattered across the micrographs, on the basis of their characteristic spacing (Figure 4).

Quenching p-MBA AuNP reactivity

In order to quench the reactivity of p-MBA AuNP — protein conjugates towards further
protein sulfhydryls, we took advantage of the unreactivity of glutathione AuNPs noted
previously. Treatment of the 2 nm p-MBA AuNP with 1 mM glutathione for one h at room
temperature proved effective for the purpose. We presume the product was repassivated
(most or all p-MBA replaced by glutathione) because the AuNP remained intact (Supporting
Information, Figure S10), while reactivity was lost. Following conjugation and
repassivation, NC10 scFv retained affinity for its antigen, the tetrameric N9 neuraminidase,
as shown by mixing with neuraminidase and cryo-EM. Characteristic sets of four gold
particles were observed (Figure 5). The DNA in repassivated AuNP conjugates also
remained capable of interaction, as shown by hybridization with complementary strand and
gel electrophoresis.

IThere are at least 4 previous reports of UV/VIS spectra for the “29 kDa” or Au144 compound, found in references 23, 24, 25, and 26.
Each of these spectra differs in “fine detail' but a hallmark of this compound is a very small surface-plasmon resonance-like inflection

or peak at 510nm or 2.4eV. Differences between the three spectra and the spectrum accompanying our report may be accounted for by
differences in the ligand comprising the monolayer and by differences in instrument sensitivity.
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DISCUSSION

The notable results of this work include the following: the effect of solvent on the products
of p-MBA AuNP synthesis; the formation of virtually monodisperse 2 nm and 3 nm
particles; the growth of large single crystals of the 2 nm particle amenable to X-ray
diffraction analysis; the spontaneous reactivity of p-MBA particles towards protein and
DNA sulfhydryls; the quenching of reactivity by repassivation with glutathione; and a
method for distinguishing particles bound to proteins of interest from free particles by EM.

On the basis of transmission EM, HAADF-STEM, and UV-VIS spectroscopy, we identify
the 2 nm particle as having an Auy44 core, consistent with other recent assignments for an
AUNP often referred to as a “29 kDa” compound. An important contribution of our work is
the direct synthesis, with no requirement for purification, annealing, ripening, or etching to
obtain an essentially monodisperse product, as judged from the formation of single crystals,
from an exceptionally narrow band in PAGE, from HAADF — STEM, and from TEM.

The 2 nm particles were insoluble at methanol concentrations above 27% (Figure 1, right
panel). The uniformity of the particles may therefore be due, in part, from growth in solution
to a critical size, at which precipitation occurs. The 3 nm particles appeared less uniform
than the 2 nm particles and did not precipitate at the methanol concentration used. Their size
distribution may be narrowed by a reduced reaction rate under the high pH conditions used.
Others have suggested that reducing the rate of reduction may allow the creation of more
uniform particles (29). We have observed that the color change indicative of particle
formation requires hours for reactions performed at high pH, as opposed to seconds for
reactions at low pH.

Metal nanoparticles are believed to be stabilized by electronic shell filling for smaller
particles and geometric shell filling for larger particles. The concept of shell filling leads
naturally to the idea of "magic number' series. In the case of gold AuNPs, nominal inorganic
masses of 5, 8, 15, 20, 29, 45, and 93 kDa have been derived (6,30,31). Recent X-ray
structure determination of the 5 kDa (Auys) (32) and 20 kDa (Augp) (21) compounds led to
the conclusion that even particles as large as Auygy are stabilized as electronic shell filling
(33).

The structure and exact formulation of the 29 kDa compound — which we identify here as
an Auq44 2 nm particle — remains a matter of conjecture. For 144 gold atoms, closure of a
90e- or 92e- electronic shell would require 52 or 54 ligands (on the assumption that each
gold atom donates one electron and each p-MBA group withdraws one electron from the
electronic shell) (33). This argument is called into question, however, by recent mass
spectroscopy, which led to a formulation of the 29 kDa compound as Au144(SR)sg (24) and
a DFT calculation which argued for an assignment of Au144(SR)go (34).

Our previous work (15) established a method for the formation of rigid, specific and discrete
gold nanoparticle/protein conjugates. The method yields a direct bond between gold atoms
of the gold nanoparticle core and the sulfhydryl moiety of a cysteine residue, whereas the
commercial product, Nanogold (Nanoprobes, Yaphank, NY), relies on a flexible organic
linker and a maleimide group to accomplish binding to cysteine residues. The elimination of
the linker facilitates applications requiring rigid immobilization of AuNPs on proteins.
Conjugates formed by electrostatic interaction with “traditional' colloidal gold may also be
rigid, but will not necessarily have a precise number of AuUNPs bound at the same location
on every protein.

In contrast to our previous work with glutathione AuNPs, the formation of protein and DNA
conjugates with p-MBA AuNPs was more facile and more promiscuous. Whereas the

Bioconjug Chem. Author manuscript; available in PMC 2011 June 13.
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reaction of activated glutathione AuNPs with scFvs bearing reduced, exposed cysteine
residues never surpassed 50%, the p-MBA AuNPs reacted quantitatively with exposed
cysteine residues. Moreover, while glutathione AuNPs showed only slight reactivity towards
the 116C extension mutant of the NC10 scFv, and no reactivity towards the shorter 115C,
114C, A113C, and S112C extension mutants, p-MBA AuNPs reacts almost quantitatively
with mutants 114C and longer.

The high reactivity of p-MBA AuNPs may in some cases capture nonnative conformations
of the scFv or other protein target. While most conjugates formed with the NC10 scFv
retained affinity for the N9 neuraminidase antigen, conjugates with the Q80C framework
mutant of NC10 showed diminished affinity. The failure of conjugate formation with the
K560C mutant of catalase is important in this regard. The cysteine residue in the K560C
mutant is located in a depression on the protein surface, rendering it inaccessible to an
AUNP of the diameter used (Supporting Information, Figure S7). The AuNP evidently did
not induce protein denaturation sufficient for reactivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

PAGE (15T/5C) revealing changes in product size and dispersity as a function of methanol
concentration (from left to right, 7, 17, 27, 37, 47, 57, 67, 77, and 87% methanol) (left
panel). The deep red color of the leftmost reactions indicates soluble product and the black
color of the rightmost reactions indicates insoluble product. A reaction performed in 27%
methanol, which produced 2 nm particles, is in the third well from the left.
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Figure 2.
Transmission EM images of MPCs produced in 27% methanol (left panel) and 87%
methanol (right panel). Scale bar represents 10 nm.
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WT A113C 114C 115C 116C 118C  L15C
S+ -+ -4 -4 -4 -4 -+ AUNP

Figure 3.

scFv reactivity. The leftmost gel shows the wild-type (WT) NC10 scFv in the presence (+)
and absence (—) of gold. To the right is the A113C “nested mutant” in which a gel-shifted
band appears in the presence of the 2nm AuNP. The shifted band was observed in the
presence of AuNP for all mutants of the NC10 scFv tested
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Figure 4.
TAP-tagged RNA polymerase was incubated with Fc/2 nm particle conjugates and drop cast
onto a carbon coated EM grid.
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Figure 5.
Cryo-EM of NC10/2 nm AuNP mixed with N9 neuraminidase. The tetrameric structure of

N9 neuraminidase results in binding of four scFv fragments. The larger particles observed
are 10 nm AuNP, included as markers in this cryo-EM preparation.

Bioconjug Chem. Author manuscript; available in PMC 2011 June 13.



