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Isolation and Selected Properties of a 10.4 kDa Gold:Glutathione Cluster Compound
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An unprecedented small thioaurite cluster compound (with metallfccare) has been isolated in high yield

by decomposition of polymeric Au(I)SG compounds, where GSH is the ubiquitous tripeptide glutathione,
N-y-glutamyl-cysteinyl-glycine. The Au:SG clusters appear to share the high stability and robustness of their
hydrophobicn-alkyl analogues but are highly water soluble. The most abundant cluster produced by these
methods can be easily separated from its homologues by gel electrophoresis. Its total molecular weight is ca.
10.4 kDa, and the mass of its strongly bound inorganic core is 5.6 kDa, suggesting the composition Au
(SG)e. This composition is also consistent with the X-ray diffraction pattern of the crystalline molecular
solid. Distinct features in the optical absorption spectroscopy are inherently different from either larger clusters
or smaller gold cluster compounds. The compound is optically active, as evidenced by circular dichroism in
the near-IR, visible, and near-UV regions. THE NMR spectra suggest that the bonding environment of the
GS—adsorbate is similar to that of timealkyl—adsorbate clusters, and the nonsulfhydryl properties are retained.
The cluster is thus envisioned as a large metallic-cluster compound with distinctive optical properties
encapsulated by a bioactive peptide monolayer.

Large gold cluster compounds A(SR)v based on thio-group  opticaP:” and charging (electrochemical and tunneling) phe-
(—SR) adsorbate monolayers represent a significant advancenomeng® These properties are enhanced with decreasing Au
in nanometer-scale chemistry and materials sciénssong core size, however, the smallest Au:SR cluster compounds (R
their properties are (i) nanocrystalline (or quasicrystalline) = alkyl) that could be isolated showing good stability were those
metallic Au cores, with a minimum (critical) size for chemical, with gold core masses near 7.5 and 14 kDa. From steric
thermal, and photostability{ii) excellent handling and func-  considerations, it seemed to us that increasing the adsorbate bulk
tionalization chemistry analogous to that of extended Au:SR g improve the stability of the very small compounds against

self-assembled monolayers (SAMsliii) ease of preparation  gisproportionation into polymeric compounds and larger gold
and separation by core size into distinct molecular fractions, nanocrystal compounds

which form well-ordered molecular crystalline solitfzand (iv)

well-quantized electronic properties as reflected in discrete The tripeptide glutathione (GSk y-Glu-Cys-Gly) is an
especially bulky thiol and a highly abundant component of living
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Furthermore, Aizawa et al. have shown that GSH forms a T T T T r
compact monolayer on polycrystalline gold surfaces, retaining

its nonsulfhydryl biological activity? Its reductive activity is @
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formally represented by the half-reaction GSHY/,GSSG+

H* + e. In the thiolate form (GS) it can further act as a

potent chelating agent. In redox reactions with ions of an

electronegative metal, such as Au, one therefore expects the

stoichiometric process 3GSH Au3t < Au® + 3/,GSSG+

3H*, wherein the A8 is nucleated into metallic crystallites

covered by a monolayer of GS or GSSG adsorbate groups. The ‘ . : : :

aqueous reactidf proceeds in two steps: first, a rapid initial 0 2000 4000 6000 8000 10000 12000

formation of polymeric p-Au(1)SG% which is nonmetallic Mass (amu)

(transparent at > 300 nm). Then decomposition of the polymer ' ' ' ' '

is stimulated almost instantaneously at ambient temperature by c ®)

addition of a strong reducing agent in great excess; in this case, [Au,(3G),HY

a 2:3 HO:methanol medium is used to prevent uncontrolled )

reduction of the polymer. [A“‘(Se’i”‘

The net result is a quantitative conversion of the insoluble o

colorless p-AuSG into intensely colored, highly water-soluble

(~100 mg/mL, at pH= 8.5) Au:SG cluster compounds whose

stability is indicated by its resistance to excess strong reducing |

agent. The reaction product is readily cleansed of small ions 4440 1250 1500 1750 2000 2950 2500

(GSH, GSSG, GSNa, etc.) by precipitation from dilute methanol, mfz

in which the smaller ions, but not theu: SGcluster compounds, - T T T " L

are soluble. The complete removal of such species is verified ()

by IH and13C NMR spectroscopy (see below). The cleansed

material is then separated into distinct sizes by electrophoretic

methods adapted to retain small molecular spéeéieEhe

electrophoresis shows four distinct bands (Figure S1, Supporting

Information) corresponding to the lowest masas SGcelusters

that are formed with this method and two other diffuse bands

which correspond to the larger sizes. Each electrophoretically

separated fraction is then precipitated from 2% acetic acid 3 T . T T

times to produce a dark, highly hygroscopic powder. Each 10300 10400 10500 10600 10700

fraction is then analyzed by matrix-assisted laser desorption Mass (amu)

(MALDI) and electrospray ionization (ESI) mass spectrom&ry.  Figure 1. Mass spectra of the most abundant species in the mixture,

The cluster compound that has the third highest electrophoreticcorresponding to the cluster compound having the third highest

mobility forms a distinct bright-orange band. This species was €lectrophoretic mobility. The MALDI mass spectrum (&) indicates that

foudto be the most abundant prodct, Wit ayielaewt 18 L3 s Femaring el e esionioaon

%,_under optlmlz_ed condlt_lpns. Thls.hlgh abundancc_a may gluster ions pI’OdU(F:)ed b?/ laser-desorption experimentsakane Au:

indicate an exceptional stability and facilitates the investigation gg cjuster compounds. The electrospray data (b) shows the various

of its properties, on which this Letter therefore concentrates. charge states of ions, corresponding to a cluster compound with a

The properties of larger and smaller cluster compounds will molecular weight of~10417. Even under ideal electrospray conditions,

follow in a future report. _sogwgrgagmelr(]tation_ is still e\/_idfﬁt, as_tseﬁn in the I0\t/v-ma(ss) ions Iabeledd
Lo : L . inb. The peak spacing seen in the unit-charge spectrum (c) corresponds

_The negative ion MALDI-MS of this spe(_:les IS shown N o variousK+ anpc)i Natgadducts to the cluste% co?npound. P

Figure 1a. The MALDI mass spectra are calibrated against the

negative ions Qf stan(_jard proteins (insgl_in, cytochrome-C) using The powder X-ray diffraction (Figure 2) is due primarily to

the same matrix and instrumental conditions. The most abundanty, . o iar AL atoms, and the large-angle scattering suggests

peak corresponds to a mass of 5340 amu, and the adjacent'pea Pat the core geometry is loosely associated with bulk fcc-Au,

(of lower abundance) are spaced by 197 and 32 amu, consisten owever, the reflections are severely broadened due to the

with the inorganic core fragmentation and inconsistent with the limited ’ ber of Au lati | i the cl -

retention of any glutathione (306 amu) adsorbate groups still Imited number of Au lattice planes in the cluster core. From

attached. To overcome the fragmentation present in the MALDI- the !I)ebyeScherrer formula[@core - NO'Q/,AS)’ the estlma.te

MS, electrospray ionization was us&dThe 5~ (mz 2101), 6 (denve_zd from the full-width at haIf-m§X|mum _of the first

(mz 1751), 7 (mz 1501), and 8 (m/z 1313) peaks were reflecpon (11_1)) for the gold cor(a__dlarr_]eter is0.9 nm

detected in the ESI mass spectrum (Figure 1b), but surrounding(consistent with Aug). The peak positions in the small angle

these peaks on both sides were other less-intense peaks. Whetpmalls) region indicates that the interplane distance is ca. 1.7

the mass spectrum is deconvoluted to “unit-charge” (Figure 1c), "M, with several Bragg diffraction peaks indicating a well-

it was found that the parent peak consists of multiple peaks defined molecular crystalline solid with one metal core per

having spacing consistent with potassium and sodium ion lattice site. Such solid-state properties are similar to that of the

adducts. The zero-charge spectrum indicates that the mass ohydrophobic Au:SR compounds that have been studied exten-

the cluster is~10 417 amu. From both the MALDI-MS and sivelyl” The entire diffraction pattern (peak positions, intensities,

the ESI-MS, a proposed composition of A{BG)s would be widths) is consistent with dense globular cores~e3.9-nm

an obvious choice. equivalent diameter, spaced by a nearest-neighbor distance of
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Figure 2. X-ray diffraction pattern for the 10 kDa compound obtained

using the methods discussed in the text. The LA-XRD reflections are
loosely related to the reflections of bulkc gold (bars), however, due A
to the size of the gold cores, the features are broadened severely. In ifhttan i A o A Al
the small-angle region, five distinct peaks are observed and indicate () 2
that, even in the mixtures, the small crystallites are being oriented in o
an ordered lattice, with nearest-neighbor distances2f nm. [

~0.2 nm, arranged in bcc(super)lattice. This implies a very 3
compact arrangement for the monolayer-adsorbed GS-groups. 10 4

Positive identification ofintact adsorbed tripeptide GS 4
groups is provided by high-resolution NMR spectra of the 8
cluster-compound mixture inJ® under near-saturation condi-
tions (~100 mg/mL). Correlation of th&C resonances to those 6
of the free GSH is provided in Figure 3H{ and**C NMR pH- 7
dependent shifts are provided as Supporting Information, Table
S1, Figure S2). All 10 carbon groups, as well as four nonex- — f— T T ———
changing!H sites, were still present and retained the correct 180 170 60 50 40 80 20
functionality in the cluster materials as compared to those of 3 (ppm)
the free thiol counterpart. As with the hydrophobic counter- Figure 3. *C NMR of GSH at pH= 2.3 (a), and the GS:Au clusters
parts1®19the resonances for the carbon groups closest to thein D,0 at pH= 8.5 (as prepared) (b), with the numbers referring to
cluster surface (cyse-CH, 6; cysp-CH, 7) were severely  the structure above the spectra. The peak widths and shifts are consistent
broadened and shifted compared to the thiol counterpart, with previous results on the hydrophobic gold clusters, where the carbon
indicating a similar adsorption mechanism through the sulfur. resonances (;Iosest to_the gol(_j sur_face (6,7) are seve_rely broadened.
The assignments in both the aliphatic and carbonyl region were The other shifts seen in the aliphatic and carbonyl region are due to

. 13 1 . 4 pH effects in glutathione, which have been well documefiétiA

confirmed by*sC Hcouplllng (not shown) and Comparlspn to complete assignment table at various pH values is provided as
the reported chemical shifts of each carbon group at different sypporting Information.
pH values?0.21

Figure 4 shows the optical absorption spectrum and circular compound shows clear optical activity in the region of the gold
dichroism for the most abundant species {£#8G)s). The absorption bands (the GSH as well as the AuSG polymer are
absorption spectrum is well structured with an onset near 950 transparent and inactive below300 nm). The fine features
nm (1.3 eV), a shoulder just below 800 nm, and a first strong evident (both positive and negative Cotton effects) suggest a
maximum at 675 nm (7500 M cm™1), followed by a broad rich sprectrum of energy levels, perhaps dominated by the
minimum near 600 nm that gives rise to the distinctly orange interband (d to conduction sp) transitions. The exact origin of
tint. The absorption strength rises strongly in the blue-green the chiroptical effects has yet to be determined for this class of
and near-UV regions but continues to show pronounced compounds.
structure, with a value near 130 000-Mcm™ at 250 nm, as These results show that very small Au nanocrystals (large
expected of fully reduced metallic Au(0) compound and a many Au clusters) can be obtained in a robust hydrophilic form
electron syster® The discreteness of the spectrum (as compared through the assembling of a chelating tripeptide adsorbate
to other, larger Au:SR cluster compounds) has two far reaching monolayer. The size control (absence of larger clusters/colloids
implications: (i) the implied homogeneity of the cluster system of 1.5 nm or greater diameter core size) is remarkably strong
and (ii) the emergence of molecular-like quantum levels due to and may indicate that the maximum core size is dictated by the
the limited number of electrons in the system. The absorption severe steric requirements of the peptide monolayer, analogous
onset at 1.3 eV is presumed to be the largest optical gap yetto that found in models of the self-limiting Cd&C nanocrystal
deduced among the largu:SRcluster compounds, distinctly ~ complexes by Dameron and Dariée The Au core appears
blue-shifted from the~0.9 eV onset for the 7.%Da (core) to retain the properties expected of the metallic state (bond
cluster. Interestingly, this optical “fingerprint” matches almost length and optical characteristics), including the interesting level-
identically the spectrum of a very low abundance Au:SC6 quantization and chiroptical properties. Furthermore, the peptide
fraction, which was not sufficiently stable to allow a complete exterior confers a highly charged (polyelectrolyte) character to
characterization. The circular dichroism (top, Figure 4) of this the assembly as a whole. The possibility of the glutathione
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