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ABSTRACT Herein we report the spontaneous reduction of silver ions into nanostructures by yeast surface-

displayed glutamic acid (E¢) and aspartic acid (D) peptides. Light spectroscopy and electron microscopy reveal that

silver ions are photoreduced in the presence of the polycarboxylic acid-containing peptides and ambient light,

with an increase in reduction capability of E expressing yeast over D, yeast. The importance of tethering peptides

to a hiological scaffold was inferred by observing the reduced particle forming capacity of soluble peptides with

respect to corresponding yeast-displayed peptides. This principle was further extended to the M13 virus for

fabrication of crystalline silver nanowires. These insights into the spontaneous reduction of metal ions on

biological scaffolds should help further the formation of novel nanomaterials in biological systems.
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iological systems have developed

biomineralization processes to nucle-

ate, grow, and assemble inorganic
materials."? Examples of biomineralized
products include pearls, bone, keratin, shell,
calcite, siliceous materials synthesized by
diatoms® and sponges,* and magnetite in
magnetotatic bacteria.> An important com-
ponent of biomineralization is the protein
or peptide template that controls the shape
and crystal structure of biominerals as well
as the assembly behavior. The extraction of
nucleating biomolecules from the biomin-
erals and the identification of materials spe-
cific peptides through combinatorial
approaches®® have broadened the pos-
sible application of biomineralization in
nanoelectronics and nanobiotechnology.
The underlying mechanism can be applied
to the synthesis of technologically impor-
tant materials beyond those few existing
biominerals in nature. Peptides have been
engineered to grow and assemble® semi-
conductor, magnetic,’® metal oxide nano-
materials,”" and we extend this approach to
the spontaneous reduction of silver by in-
troducing peptide sequences on yeast and
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M13 viruses to facilitate the growth of tem-
plated silver nanostructures.

Organisms such as bacteria'? and
fungi'? are reported to synthesize silver par-
ticles intra- or extracelluarly when they are
exposed to silver salts. Although there is
growing interest in the bioinspired synthe-
sis of silver nanoparticles, a general under-
standing of growth is not yet known. Re-
cently, the role of specific peptide motifs
has been explored through identification
of dodecamer peptides that are reported to
generate silver nanoparticles of various
morphology.’® The importance of peptides
was demonstrated as studies with single
amino acid solutions of lysine, proline,
serine, and arginine showed them to be in-
capable of silver reduction.'* Additionally,
tryptophan and aspartate, which can be
used as reducing agents in the synthesis of
gold nanoparticles, did not show the ability
to reduce silver ions.’® Although it has been
experimentally demonstrated that the bio-
logical system such as cells, enzymes, and
peptides can reduce the metal ions, the de-
tailed mechanisms are not well under-
stood. The conformation, overall charge,
and functional groups of biomolecules may
all contribute to biological reduction in con-
junction with solution pH, light, tempera-
ture, and other ions in solution.

As an effort to contribute to the under-
standing of spontaneous reduction, we fo-
cus on the role of carboxylic acid containing
peptides expressed on yeast surfaces. Yeast
surface display provides a convenient
model system for the study of genetically
engineered biomolecules with inorganic
materials'® while carboxylic acid groups are
known to coordinate metal ions which may
act as a nucleation site for nanoparticle
formation.'”~'® Additionally, glutamic and

www.acsnano.org



o

Absorption (a.u.)

200 300 400 500 600

Wavelength (nm)

700 800

Figure 1. Characterization of yeast solutions incubated in 1
mM AgCOOCH; solution. Yeast cell concentration is 1 O.D.
Yeast solutions are named for corresponding clones. Ex-
pressed peptides are E4, hexaglutamic acids; D4, hexaaspar-
tic acids; G, hexaglycine acids; U, uninduced clone with no
surface expressed peptides; E6 dark, hexaglutamic acids in-
cubated in the dark. (a) Photograph of the yeast solutions
shows the color change resulting from silver nanoparticles
formation. (b) UV—vis absorption spectra of the same solu-
tions. Peak at 260 nm comes from DNA of yeast cells

aspartic-acid-rich peptides play an important role in
biomineral growth as evident in the high population

in biomineralizing protein sequences. While previous
research has studied long polypeptide chains or single
amino acids, this work utilizes hexamer peptides that
are short enough to deduce side-chain influence while
long enough to have multivalent interactions. Addition-
ally, previous reports of silver biomineralization occur
in the solution with minimal control over the spatial dis-
tribution. In this work, the genetically engineered yeasts
not only mediate the reduction of silver ions through
expressed peptides, but also act as templates for con-
trolled spatial growth of particles. Specifically, our find-
ings demonstrate spontaneous reduction of silver facili-
tated by carboxylic acid groups in the presence of
ambient light. The principle of the peptide-mediated re-
duction elucidated by the engineered yeast was fur-
ther extended to a filamentous M13 virus scaffold for
fabricating crystalline silver nanowires.

RESULTS AND DISCUSSION

When the hexaglutamic acid expressed (clone named
as E¢) or hexaaspartic acid expressed (clone named as
D¢) engineered yeasts were incubated in an aqueous so-
lution of AQOOCCH; for 24 h at room temperature, the so-
lution turned an orange color as shown in Figure 1a. Re-
duction of the silver ions was evident by a gradual and
steady increase of the reddish color. The characteristic
reddish color of the solution and absorption peak at ~400
nm are due to surface plasmon resonance of silver nano-
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particles and are dependent on the size and shape of
the particles. Interestingly, without any known reducing
agent in solution, silver ions were bioreduced by the ge-
netically engineered yeast. Contrary to Eg or Dg yeasts,
little color change was seen for yeast expressing hexagly-
cine (clone named as Gg) (Figure 1b), and solutions with-
out yeast did not show any color change. To prevent the
buffer mediated reduction, all our experiments were con-
ducted in purified water (Millpore Mill-Q, 18.2 MQ-cm)
without the presence of any buffer salts. These control ex-
periments indicate that the carboxylic acid groups of
glutamic acid or aspartic acid are involved in the reduc-
tion of silver ions. Typically, the carboxylic acid groups in
block copolymer systems have been utilized for silver
deposition because of their binding affinity to positive sil-
ver ions. However, in all the cases, the post-treatment
with a reducing agent, such as H,'® and NaBH,,?° or UV'®
and v- radiation,®' was necessary. To our knowledge,
there is no prior report of carboxylic-acid-mediated silver
reduction in water at ambient conditions. A previous re-
port about silver nanoparticles organization on tobacco
mosaic virus (TMV)?? showed the importance of
glutamate and aspartate in site-specific mineralization of
silver, but contribution of these peptides to the silver re-
duction itself was not considered. To understand the re-
duction mechanism, we conducted control experiments
in which the mixtures were kept in the dark. Interestingly,
even after a few days, no reduction was evident in these
samples (Figure 1). All the control reactions were also con-
ducted with rocking to prevent cell sedimentation. Con-
versely, mixtures kept under ambient light but with UV
energy-blocking polymer coatings exhibited significant
silver reduction. This polymer coating effectively blocked
UV light with wavelengths below 300 nm. To further re-
duce the effect of UV light, the same experiments were
done under white fluorescent light in a dark room. The so-
lution also showed significant silver reduction. (Support-
ing Information, Figure S1). This result suggests that the
reduction of silver ions is the cooperative result of the car-
boxylic acid and ambient light. Among ambient light, it
would be visible light that assumes the most significant
role in the reduction process. Even though the uninduced
cells, named Ul, expressed no surface peptides, the yeast
solution changed colors with an absorption peak compa-
rable to D,. However, the adsorption peak in E6 samples
is much higher than that in the uninduced sample. In the
case of sample Ul, the reduction of silver ion is possibly
due to a negative charge and the presence of polysaccha-
ride on the yeast surface. Previously other groups demon-
strated that polysaccharides and their derivatives are
shown to photochemically synthesize metal nanoparti-
cles such as gold and silver*=2® using UV light as a reduc-
ing agent. However, the growth of silver particles with un-
induced cells was less controlled than that with peptide-
assisted nucleation, as witnessed by further electron
microscopy analysis. Furthermore, the electron micros-
copy analysis using TEM and SEM is believed to be more
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Figure 2. TEM analysis of silver reduction by engineered yeast. For all solu-
tions, yeast cell concentration is 1 0.D. and AgOOCCH; concentration is 1
mM: (a) uninduced (Ul); (b) Ul high magnification; (c) Dg; (d) Dg high magnifi-
cation; (e) Eg; (f) Eg high magnification; (g) low magnification image of Eg
showing several cells coated with silver nanoparticles layer; (h) electron dif-
fraction pattern confirms the crystalline nature of the silver nanoparticles; (i)
high resolution TEM image of silver nanoparticles.

accurate than the UV—vis absorbance in comparing the
reduction capability.

Transmission electron microscopy (TEM) analysis
(Figure 2c—g) showed homogeneous silver nanoparti-
cles with sizes of approximately 10—20 nm coated on
the cell wall of yeast expressing peptides. Consistent
with the color change and UV —vis absorption spectros-
copy trends, the average particle size was larger and
the distribution density greater for the E4 than for the
D, solution. An electron diffraction pattern (Figure 2h)
and a high resolution TEM (HRTEM) image (Figure 2i)
confirmed that the particles coating the yeast were
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crystalline silver nanoparticles. The silver nanoparticles
were not aggregated but stabilized by the expressed
peptides. For the uninduced yeast (Figure 2a,b), the
morphological features were quite different from that
of induced ones. No obvious coating layer was ob-
served and silver nanoparticles were not bound to the
surface of the yeast and aggregated to large irregular
particles (Figure S2).

As mentioned above, the silver ion reduction in this
case could have been mediated by the negative charge
or polysaccharide of the yeast surface. It is likely that the
silver nanoparticles formed by polysaccharides were not
strongly bound to the yeast surface because of the weak
interaction between the silver particles and the polysac-
charides.” This could also explain why the number of sil-
ver nanoparticles near the yeast surface was much less
than that of Dg even though UV —vis absorption and color
change were similar. Scanning electron microscopy (SEM)
analysis (Figure 3a—c, e—q) also demonstrates that engi-
neered yeast provided a template for silver nanoparticle
growth and the density of nanoparticles could be con-
trolled by means of genetic engineering of expressed
peptides. Silver nanoparticles appeared as bright dots
due to their electron dense metallic character. Conversely,
a lack of nanoparticles was noticed in E4 yeast not ex-
posed to silver solution (Figure 3d and 3h).

These results suggest that the combination of car-
boxylic acid-containing peptides and ambient light fa-
cilitate the reduction of silver into nanoparticulates. Al-
though an exact photoreduction mechanism is still
under investigation, we believe that the energy barrier
for silver reduction is lowered when silver atoms are
bound to peptides containing carboxylic groups. Car-
boxylic groups are nucleophilic such that their binding
with silver ions induces partial electron transfer displac-
ing the Fermi level of silver cluster toward the more
negative potentials. This hypothesis is supported by ex-
perimental results from other groups. It was reported
that when silver ions are bound to carboxylic acid
group, UV photoreduction of silver ion become more
facile.?® In this regard, silver ion binding to carboxyl
groups catalyzes the reduction of silver ions, as in the
case of silver ion-catalyzed amine oxidation®” and sil-
ver ion-catalyzed amino acid oxidation.?® We believe
that water could be an electron source for the initial
nucleation of silvers. Recently, solvated electrons in wa-
ter have been observed®® as well as water dissociation
mechanisms, which may account for these water-
derived electrons. Like the proposed mechanism in
photochemical reductions of Fe(lll) complexes of poly-
carboxylates, the carboxylate radical activated by the
visible light can be possibly involved.?° In our system,
once a silver atom is formed, it becomes easier for sil-
ver ions to be photochemically reduced due to the in-
creased reduction potential of silver clusters and metal-
lic characteristic of silver atoms. However, the exact
mechanism is still under investigation.
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Surprisingly, silver ions exposed to E, yeast result in
greater nanoparticle formation than those exposed to
D, yeast. Assuming a similar binding affinity of Ag™ to
the carboxylic acid, the different reduction kinetics ap-
pears counterintuitive. To understand differential re-
duction between E4 and D yeast, we explored the lo-
cal conformation of these peptides. When present as an
individual neutral amino acid, silver ion affinity of
glutamate was calculated to be slightly higher than as-
partic acid using hybrid density functional theory.?' This
difference may be amplified when aggregated over six
residues. In addition, Monte Carlo simulations show a
structural difference between the peptides. The addi-
tional alky! link in glutamic acid allows for slight in-
creases in conformational freedom and nonpolar sur-
face area, resulting in a more folded backbone
conformation. This gives rise to a pocket-like structure
in hexaglutamic acid (Figure S3), while hexaaspartic
acid on average assumes a more linear conformation.
We hypothesize that the pocket-like structure of E4 pep-
tides creates a greater local concentration of carboxy-
lic acid residues and therefore, a greater level of silver
ions. This may increase particle formation as the silver

redox potential depends on the number of Ag in the ~ Figure 3. Scanning electron micrographs of yeast cells. The yeast solutions are
cluster. The redox potential of a single silver ion is —1.8 prepared as those in Figure 2, except control sample. Control sample is pristine
: "~ Eg yeast not exposed to silver solution. (a—d) Low magnification images
V and increases as the atom number in a cluster in- (5000—30000%) of yeast cells with carbon 10 nm coating layer: (a—c) E, (d)
creases up to 0.799 V for bulk silver.32 Taken together, control sample. (e—h) High magnification images (80000 X) without coating
. . layer: (e) E, (f) D¢, (g) Ul, (h) control sample. Yeast cells were not coated with
silver ions bound to carboxyl groups reduce more eas-

0 An 200 nm 200 nm

conducting materials to visualize small particle features.
ily while simultaneously increasing the local concentra-
tion of silver ions, which may further reduce the en-
ergy barriers to reduction. As a result of these
cooperative mechanisms, silver ions can be photore-
duced by the carboxylic acid group even under ambi-
ent light.

The importance of fixing peptides to a biological
template was demonstrated by observing the nanopar-
ticle growth of soluble peptides. We tested the reduc-
tion ability of various concentrations of soluble hexa-
glutamic acid peptide in silver solution (1 nM—1 mM
peptide solution, 1—8 mM AgOOCCH; solution). Ac-
cording to the absorption data, reduction was only ob-
served at 1 mM peptide and 8 mM AgOOCCHj; solution
(Figure S4). Considering the approximate number of
hexaglutamate peptides on the yeast (5 X 10* pep-
tides/cell) and the yeast concentration (1 0.D. ~2 X 107
cells/mL), the total concentration of the peptides ex-
pressed on all the yeasts in solution is ~10'? peptides/
mL. Conversely, the soluble peptide experiments at 1
mM contained 6 X 107 peptides/mL. Indeed, there are
no prior reports on the silver ion reduction mediated
by soluble glutamic or aspartic acid peptides. Therefore,
the fixing of the peptides in a biological scaffold on
the yeast surface may be an additional factor in the re-
duction mechanism. Enhanced reaction rate has been
observed before in other constrained systems including
“membrane catalysis” >*3%and “micelle catalysis”>*
when one of two reactants remains fixed on a two-
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dimensional surface. This may be explained by the in-
creased collision probability of reactants toward a fixed
target.3°7® The yeast biological templates inherently
provide a two-dimensional tethering effect, so we can
expect more efficient reactions on our biological scaf-
folds. To further investigate peptide-mediated reduc-
tion, we expanded this rationale to template silver
nanowires on an M13 bacteriophage surface that has
increased surface peptide density.

To template silver nanowires, we engineered a tetra-
glutamic acid peptide (-EEEE, called E4) onto the
n-terminus of p8, the major coat protein of M13 bacte-
riophage. Roughly 2700 copies of the p8 major coat
protein self-assemble into the capsid of the wild-type
virus, resulting in 5 fold rotation symmetry along the
length of virus. Previously, the E4 virus was utilized as
a biological template to grow and assemble cobalt ox-
ide nanowires for nanostructured Li ion battery elec-
trodes.'" There has also been an effort to coat TMV
more densely with silver by genetic insertion of two cys-
teine residue, but the resultant template was not a
fully covered nanowire but a string of nanoparticles.*®
In their study, the spacing between nearest neighbor
peptides expressed for TMV is similar to that of M13 vi-
rus. We speculate that the different concentration of
metal ions and viruses and the different binding charac-
ter may explain the difference in morphology in those
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two studies. We anticipate that the higher density of
glutamate expressed on peptides of the engineered
M13 bacteriophage (as compared to that of the yeast)
can lead to the formation of nanowires. Indeed, compu-
tational simulation of p8 protein assembly shows that
the distance between the helically arranged nearest
neighbors of the tetraglutamate is around 3 nm at
100% incorporation.

When E4 virus was incubated in an aqueous solu-
tion of 1 mM silver acetate for two hours at room tem-
perature, the solution turned red as shown in Figure 4a.
The appearance of a red color clearly indicated the re-
duction of silver ions. Alternatively, a silver solution in-
cubated with wild-type phage (M13KE) exhibited a tur-
bid yellow color and revealed that large and irregular
precipitates were formed. UV—vis spectra showed no
absorption peak between 200 and 800 nm. The reduc-
tion of silver ions by wild-type viruses was presumably
due to the negatively charged surface of the virus*® as
with the yeast surface.

TEM analysis shows the detailed structure of
nucleated silver on the virus particles. Wire-like
structures were observed along the length the E4
(Figure 4b). Conversely, wild-type virus produced
large and irregular silver particles (Figure S5). The
length of silver wires on the E4 virus corresponds to
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the length of the virus particles, and the
thickness is approximately 30 nm. The
high resolution TEM image in Figure 4d
shows the silver wire formed on the E4 vi-
rus. The crystallographic structure of silver
wires made by the E4 virus was deter-
mined by SAED in combination with
HRTEM.

A diffraction image (Figure 4d) shows
that the single crystal patterns of <100>
and <112> are superimposed. Diffraction
spots from (200), (020), and (220) planes of
square symmetry correspond to the [001]
zone while the (111), (220), and (311) diffrac-
tion spots of rectangular symmetry corre-
spond to the [112]?? zone. The additional
spots can be explained by double diffrac-
tion. This analysis suggests that five {111}
twin boundaries are located cyclically with
D5h symmetry along the longitudinal axis of
Ag wire.*' The formation of the crystals may
be associated with the highly oriented p8
proteins and the 5-fold symmetry of the ar-
rangement of p8 proteins. The nucleation
and growth process seem to have an anal-
ogy to the molecular epitaxy in biomineral-

Figure 4. Silver reduction by engineered virus: (a) photographs of the silver solution re-  ization“? and epitaxial growth in vacuum
duced by E4 virus (left) and wild-type virus; (b) TEM image of the virus-based silver

wires; (c) high resolution TEM image of the virus-based silver wire; (d) high resolution
TEM image of the virus-based silver wire and diffraction pattern (inset).

technology. In contrast, we previously re-
ported the regulation of the crystal orienta-
tion on the viruses where the textured as-
sembly of nanoparticles was transformed
into single crystal nanowires via heat-annealing based
on the mechanism of orientated aggregation-based
crystal growth.'® Here, the higher density of incorpo-
rated peptides allows the nucleated silver to grow in
the thermodynamically most favorable single crystal-
line form without postannealing on the scaffold.

CONCLUSIONS

The genetically engineered scaffolds not only medi-
ate the reduction of silver ions but also act as templates
for the synthesis of nanostructures. Our results demon-
strate that short peptides containing carboxylic acid
functional groups facilitate reduction under ambient
light and the reduction ability is dependent on the lo-
cal concentration of silver ions associated with the con-
formation of peptide. Additionally, this study suggests
that tethering peptides to a biological scaffold en-
hances the reduction ability, and the surface density of
the peptides on the scaffold determine the final nano-
structure of silver. We anticipate that this study will con-
tribute to the understanding of the spontaneous reduc-
tion of metal ions in biological systems and facilitate
the implementation of environmentally benign biologi-
cal methods for fabricating technologically important
nanomaterials.
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METHODS

Genetic Engineering of Yeast Displayed Peptides. Hexamer peptides
were engineered onto the surface of yeast as previously de-
scribed."® Briefly, peptides were displayed as fusions to the
C-terminus of Aga2, which is encoded on a 2-um plasmid down-
stream of a Gal-based promoter. The expression vectors were
maintained in S. cerevisiae strain EBY100, which has Agal under
control of a Gal-based promoter integrated in its genome, as pre-
viously described.'® Peptide expression vectors (X4) were gener-
ated from annealed oligonucleotides (i.e., Gg peptide oligos:
5'GTGGCyggtggtggtggtggcggaTAGCCAGTAGC and 5'CTGGC-
TAtccgccaccaccaccaccGCCACCGCC) with BstXI compatible sticky
ends ligated into BstXl sites of expression vector pBPZ. The com-
plete list of oligonucleotides used is available upon request. All
vectors were amplified, sequenced, and then transformed into
EBY100. Peptide expression was induced by growing cells at
mid-log phase in Select-Galactose media at 30 °C for 18—24 h.

Silver Reduction by Yeast. Among various silver salt precursors,
silver acetate (AgOOCCH,) salt was chosen because metal ions
from acetate salt were found to load faster and to a greater ex-
tent within block copolymer containing carboxylic acid group
than metal ions from chlorides, nitrates, and sulfates."” In addi-
tion, the silver ion reduction rate constant from silver formate
(AgOOCH), which has almost the same structure as AgOOCCH,,
was reported as higher than that of Ag,SO, and AgNO,."® Silver
acetate salt (99% pure) was obtained from Alfa Aesar. In a typi-
cal experiment, engineered 1 O.D. (O.D. is equivalent to absor-
bance units at 600 nm) yeast cells (10— 107 cells) were washed
3 times in 1 mL of Millipore water and incubated in T mM aque-
ous solution of AgOOCCH, for 24—90 h at room temperature un-
der ambient light. To prevent buffer-mediated reduction, all ex-
periments were conducted in purified water.

The sample was agitated via rocking to avoid yeast cell sedi-
mentation. For control experiments in which the mixtures were
kept in the dark, the vials were wrapped with aluminum foil and
placed in the dark room. These samples were analyzed by UV—vis
absorption spectroscopy, TEM (JEOL 200CX TEM and JEOL 2010
TEM) and environmental SEM (FEI/Philips XL 30 FEG-ESEM). For TEM
analysis, solutions were dropped on the copper grid, washed with
distilled water several times, and dried. For SEM specimen prepara-
tion, yeast cells were first settled on a silicon substrate. After 4
hours fixation with 2% (v/v) glutaraldehyde, 2% (v/v) paraformalde-
hyde, 5% sucrose in 0.1 M sodium cacodylate buffer, the speci-
men was rinsed in distilled water, dehydrated in 100% dry etha-
nol, and critical-point dried in CO,. Specimens were examined in
FEI/Philips XL 30 FEG-ESEM with and without surface carbon coat-
ing layers.

Genetic Engineering of M13 Virus and Silver Reduction by the Engineered
Virus. To display tetraglutamic acid (-EEEE) on the n-terminus of
the p8 protein on M13 bacteriophage (producing so-called E4
phage), a small DNA duplex encoding the amino acids was made
using an oligonucleotides 5'-CTACTACAAGGATCCTCCTCCTCCT-
CTGCAGCGAAAGACAGCA-3'" and the extension primer, 5'-GATGC-
TGTCTTTCGCTGCAG-3'. The duplex was digested with Pstl and
BamHI and ligated into M13SK phage vector, and confirmed by
DNA sequencing. The E4 phage was incubated in an aqueous solu-
tion T mM AgOOCCH; for 2 hours at room temperature under am-
bient light. All experiments were performed in purified water and
E4 phage was dialyzed against purified water overnight to prevent
buffer effect. These samples were analyzed by UV—vis absorption
spectroscopy and TEM (JEOL 200CX TEM and JEOL 2010 TEM). For
TEM analysis, solutions were dropped on the copper grid, washed
with distilled water several times and dried.

Molecular Simulation of the Hexamer Peptides (Figure $3). Monte
Carlo (MC) simulations of the hexamer peptides were performed
using the OPLS-AA force field (Jorgensen, W.L., MCPRO, Version
1.68, Yale University, New Haven, CT, 2002). The effects of the
aqueous solution environment were included through a solva-
tion energy term in the Monte Carlo energy calculation. The sol-
vation energy of each peptide conformation was calculated as
the sum of a polar term, evaluated from the solution of the
Poisson—Boltzmann equation, and a nonpolar term modeled as
proportionate to the molecular surface area.
Poisson—Boltzmann calculations were carried out using a multi-
grid solver with a grid spacing of 0.3 A. Atomic charge and ra-
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dius parameters were taken from the OPLS-AA force field. Inter-
nal and external dielectric constants were set to 1 and 80,
respectively, in order to remain consistent with the OPLS force
field. Each simulation included equilibration for 100k MC steps
prior to averaging over 1 M MC steps in the NPT ensemble. Con-
formations were saved periodically from the resulting ensemble
and subsequently used to evaluate average properties of the
peptides.
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of E6 yeast solution incubated with 1 mM AgOOCCH; under
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(Figure S1); TEM images of silver nanoparticles synthesized by
uninduced yeast solution (Figure S2); graphical representation
of average conformation of D6 and E6 hexamer from Monte
Carlo Simulation (Figure S3); analysis of silver reduction by
soluble hexaglutamic acid peptide by UV—vis absorption spec-
tra at various peptide and AgOOCCH; concentration (Figure S4);
and TEM images of silver nanoparticles produced by wild-type
M13 viruses (Figure S5). This material is available free of charge
via the Internet at http://pubs.acs.org.
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