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ABSTRACT 

In order to discover genes capable of catalyzing the reductive immobilization of toxic chromate and uranyl ions, we 
have created a T7 bacteriophage library containing cDNA from environmental microbes (i.e., Geobacter sulfurreducens 
and Shewanella oneidensis MR-1) that are known to mediate the reduction of chromate and uranyl ions. After three 
rounds of screening, ten bacteriophage mutants were found to mediate the NADH-dependent reduction of chromate and 
uranyl ions whose cDNA encodes polypeptide chains ranging 14 to 73 amino acids in length. All identified sequences 
contain disordered structural motifs similar to the β-amyloid peptide (Aβ) known to promote aggregation and formation 
of high-affinity metal binding sites. Confirmation of this structural similarity involved phage display of the 42 
amino-acid Aβ-peptides that have been found to catalyze the NADH-dependent reduction of both chromate and uranyl 
ions. Transmission electron microscopy (TEM) and X-ray absorption near edge structure (XANES) measurements con- 
firm that reduced uranium is present on the surface of bacteriophage expressing the Aβ-peptide. The surface-displayed 
Aβ-like peptide on bacteriophage has the potential to couple naturally occurring electron transfer shuttles present in 
soils to promote economically viable remediation of contaminated sites containing toxic chromate and uranyl ions.  
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1. Introduction 

Bioremediation of chromate and uranyl toxic metal ions 
in contaminated soils remains a major technical chal- 
lenge. Current solutions involve a range of biological 
approaches that include the targeted feeding of speci- 
fic anaerobic microbes (e.g. Geobacter sulfurreducens) 
whose specialized metabolism permits the biosorption, 
biosequestration, and reductive immobilization of ex- 
tracellular chromate and uranyl ions that can serve as 
terminal electron acceptors of cellular respiration [1-7]. 
Likewise, Shewanella oneidensis MR-1 contains special- 
ized metal reductases located on the outer membrane that 
selectively associate with metal oxides to mediate their 
reduction [4,5,8]. The recent structural determination of 
these metal reductases and the understanding that cellular 
machinery regulates the targeted assembly of a metal 
reductase complex on the outer membrane both suggest 

the possibility of utilizing synthetic biology approaches 
to enhance these pathways and promote more effective 
bioremediation at contaminated sites [9,10]. Likewise, 
the identification of soluble enzymes that are capable of 
the reductive immobilization of chromate and uranyl ions 
under both anaerobic and aerobic conditions open a new 
approach by reengineering of microbes to enhance bio- 
remediation [11,12]. That may be said in that bacterio- 
phages present at natural sites offer a potential means to 
serve as gene delivery vectors for these synthetic biology 
applications [13-15]. Additional mechanisms of biore- 
mediation may take advantage of the ability to display 
catalytic protein moieties on the surface of bacterio- 
phages where the reducing potential of available humic 
compounds acts as electron shuttles that allow transfer of 
reducing equivalents to extracellular catalysts [16-19].  

Critical to such effective bioremediation is the identi- 
fication of additional protein catalysts that have optimal 
function and stability and that remain functional when *Corresponding author. 
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displayed on bacteriophages. This would enable engi- 
neering and applications at contaminated field sites. Ac- 
cordingly, we have analyzed the genomes of the envi- 
ronmentally relevant microbes Geobacter sulfurreducens 
and Shewanella oneidensis MR-1 for additional catalytic 
functionalities that remain functional following their dis- 
play on T7 bacteriophage. These measurements involved 
the creation of cDNA genomic libraries that were intro- 
duced into the T7 bacteriophage to allow for high- 
throughput functional screening (Figure S1). Bacterio- 
phage capable of reducing chromate was isolated and 
sequenced, permitting the identification of ten sequences 
ranging 14 to 73 amino acids in length that possess a 
structural similarity to the 42 amino-acid Aβ-peptide, 
which has been found to catalyze chromate reduction. As 
these structural motifs can be expressed at high-abun- 
dance on bacteriophage, these peptide catalysts have the 
ability to couple naturally occurring electron shuttles 
present in soils to promote economic remediation of con- 
taminated sites.    

2. Materials and Methods 

2.1. Chemicals and Reagents 

Agar, agarose, CsCl, K2CrO4, UO2(CH3COOH)2, NADH, 
1,5-diphenylcarbazide(DPC), 2-(2-thiazo-lyazo-p-cresol), 
N-acetyl-N,N,N-trimethyammonium bromide, PEG 8000, 
and triethanolamine were purchased from Sigma (St. 
Louis, MO). Restriction enzymes EcoRI and HindII were 
purchased from Novagen EMD Biosciences (San Diego, 
CA). LB medium, and LB-M9 medium were purchased 
from Thermo Fisher Scientific (Cole-Parmer Instrument 
Company, Vernon Hills, IL). The copper grid (FCF100-cu) 
was purchased from Electron Microscope Sciences (Hat-
field, PA) and negative staining regent Nano-W (Cat# 
2018) was purchased from Nanoprobes, Inc. (Yaphank, 
NY). EpoThin epoxy for section of XANES samples, and 
other supplies were purchased from Buehler Inc (Lake 
Bluff, IL).  

2.2. T7 Bacteriophage Display 

A T7 Select phage display system was purchased from 
Novagen EMD Biosciences (San Diego, CA) using the 
BLT5403 E. coli strain, which carries the T7 gene 10 un- 
der the T7 ϕ10 promoter. Randomly primed cDNA was 
synthesized from 4 μg of bacterial mRNA and direction- 
ally cloned into the T7 Select 10 - 3 vector arms between 
EcoRI and Hind III sites using the T7 Select 10 - 3 Ori- 
ent Express cDNA cloning system (EMD Biosciences). 
The cloned cDNA was packaged into phage particles, 
and a serial dilution was made of a small proportion (5%) 
of the packaged phage to determine the primary size of 
the library. To make an amplified phage lysate for screen- 

ing, the remainder (95%) of the phage was used to infect 
and lyse E. coli strain BLT5403. All the packaging, titra- 
tion, and preparation of phage lysates were performed 
according to protocols provided with the T7 Select 10 - 3 
cloning system.  

2.3. cDNA T7 Phage Library and Engineering  
Polypeptides on T7 Phage 

For the construction of the T7 Selection cDNA display 
library, mRNA was extracted from the total RNA of 
Geobacter sulfurreducens (strain ATCC 51573) and 
Shewanella oneidenesis (MR-1, ATCC 70050) using the 
RNA extraction RNeasy Mini Kit (Valencia, CA). cDNA 
was synthesized with the OrientExpress cDNA synthesis 
kit (Novagen EMD Biosciences) using random hexanu- 
cleotide primers and overhang PCR as previously re- 
ported [20]. The cDNA fragments between 500 and 2000 
bp length were ligated in the T7 Select 10 - 3 vector arms 
(Novagen EMD Biosciences) between EcoRI and Hin- 
dIII. For amyloid beta (1-42aa) (Aβ) peptide construction, 
human amyloid beta (1-42aa), DNA (gi:157878441) was 
synthesized from DNA 2.0 Inc. (San Diego, CA), and 
digested with EcoRI and HindIII, and then ligated into 
the T7 Select 10 - 3 vector arms (Novagen EMD Biosci- 
ences) between EcoRI and HindIII. 

2.4. T7 Phage Amplification and Purification 

Phage titers were determined by mixing serial dilutions 
of the produced phages with an overnight culture of bac- 
teria containing the original E. coli strain BLT5403. The 
bacteria and phages were mixed with warm top agar 
(44˚C), plated on LB agar plates, and incubated at 37˚C). 
The phages needed for purification were amplified in a 
300 ml culture of E. coli BLT5403 by infecting with 4 × 
1010 p.f.u. of T7 phage stock. The culture was incubated 
at 37˚C). The culture was not shaken during the first hour 
of incubation, and was shaken (200 rpm) for the next 2 - 
3 hours of incubation. After incubation period, the 
cloudy culture became clear, indicating lysis of the bac- 
teria. 5 M NaCl was added to a final concentration of 500 
mM and the cell lysate containing the phage particles 
was separated from the cell debris by centrifugation for 
10 min at 8000 g at 4˚C) in a Sorval RC 6 plus Centri- 
fuge (Thermo Scientific). Then 20% (g/ml) final PEG 
8000 was added to the supernatant. The lysate-PEG 
mixture was stored overnight at 4˚C). The next day the 
phages were precipitated by centrifugation at 8000 g at 
4˚C). The pellet was resuspended in 5 mL of 1 M NaCl, 
10 mM Tris-HCl, pH 8.0. The resuspended phages were 
loaded on a centrifuge tube with CsCl gradient (20% - 
62% w/v) and purified in a Beckman SW41 rotor centri- 
fuged at 35,000 g for 1 h at 20˚C). The phages layer from 
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the CsCl gradient was collected and dialyzed against 
PBS and stored at 4˚C) for later use. 

2.5. High-Throughput Phage Chromate  
Reductase Screening  

Three rounds of bio-panning (screening) towards effi- 
cient chromate reduction were performed. The amplified 
crude T7 phage lysate bearing the cDNA library was 
achieved by infection of BLT-5403 with the phage li- 
brary without PEG precipitation as described above. Af- 
ter titration (see above), 10 µL of the initial pool of 
mixed T7 phage mutants (2 × 1012 pfu) were serially di- 
luted with M9-LB medium to 2 × 107 pfu/ml. This stock 
was used as the starting lysate for the first-round screen- 
ing. 

2.6. The First Round of Screening 

5 × 104 pfu of the diluted lysate (pool of the mutation 
library) were dispensed to 96-deep-well microplates (1.5 
ml). Equal volumes of freshly cultured BLT-5403 (OD 
0.75 - 0.8) were then added to each well and mixed by 
pipetting the contents up and down several times. The 
plates were sealed with silicone lids and incubated at 
37˚C) overnight while being shaken at 250 rpm. 5 M 
NaCl was added to the well to give a final concentration 
of 500 mM. Cell debris in wells was removed by cen- 
trifugation at 4000 g in Sorval RC 6 plus Centrifuge 
(Thermo Scientific) for 40 minutes. In order to screen 
chromate-reduction responsive wells in plates, an aliquot 
(80 µl) of the clear lysate from each well was transferred 
to a new 96-well microplate. The well-position for each 
lysate in the micro-plates was assigned during transfer. 
The residual Cr (VI) in the chromate-responsive wells 
was then detected with the plate reader by measuring the 
absorbance at 370 nm. M9-LB with and without NADH 
were used as controls in the place of lysate. The wells 
that showed significantly low absorbance at 370 nm 
(<60% of the control) after a reaction period of 16 hours 
were selected as the chromate-responsive wells.  

2.7. The Second Round of Screening 

50 µl of lysates from the chromate-responsive wells were 
dispensed to newly designated wells in a different 96 
deep-well microplate (~100 pfu/well) in which 1.5 ml of 
BLT 5403 cells (OD 0.75) were preloaded. Following 
incubation at 37˚C) with shaking at 250 rpm, cell lysis 
was performed as described above. After an addition of 
500 mM NaCl and centrifugation at 4000 g for 40 min, 
the clear phage lysate was transferred to a clean plate and 
kept at 4˚C until the next experiment. To measure spe- 
cific chromate reduction activity, kinetic measurements  

of chromate consumption were carried out by measuring 
the spectra of absorbance at 340 nm. 50 µl of chromate 
solution (20 µM) in TBS-buffer (100 mM Tris-HCl, 250 
mM NaCl, pH 7.5) were preloaded in assigned wells in a 
flat-bottom microplate. 30 µl of lysates were then added 
to the wells. As controls, 0.1% BSA, with TBS-buffer 
were used in place of lysate. The plates were vor- 
tex-mixed briefly and then pre-warmed to 37˚C. 20 µl of 
0.5 mM NADH were then added to all wells as a reduc- 
ing regent. Decreases in the absorption peak for chromate 
at 340 nm in all wells were measured simultaneously at 
intervals of 30 seconds over a period of 60 minutes. The 
negative slope resulting from 5 minutes and 10 minutes 
was used for the selection of chromate-responsive 
wells.  

2.8. The Third Round of Screening 

A single T7 phage plaque was picked from a chromate 
responsive well of mutations from the second round of 
screening on a top agar plate. The single plaque was am- 
plified and phage lysates were collected with the 96-well 
microplate (~1 pfu/well) protocol. Putative positive pla- 
ques were further run through the phage amplification 
and virus particle assembling. These were then retested 
using the microplate chromate reduction assay and com- 
pared to phage particles produced from vector without 
any insertion. using a colorimetric reaction with 1,5-di- 
phenylcabazide (DPC), reading the absorption at 540 nm 
in the presence of sulfuric acid as previously reported 
[11,12], and allowing the plaques to stand at room tem- 
perature for 15 minutes. Only those phage mutations that 
proved responsive to chromate reduction after three 
rounds of selection were sent for DNA sequencing. To 
confirm the mutations in the frame of fusion 10b protein 
of T7 phage, 0.1 µg/ml T7 Select-Up primer from the 
Novagen T7 Select phage display kit (EMD Biosciences) 
was used for the sequencing reaction. 

2.9. Chromate Detection 

Chromate [Cr(VI)] solution has a distinct maximum ab- 
sorbance at 370 nm (A370,  = 4700 M−1·cm−1) [21]. A 
standard curve for chromate [Cr(VI)] was established by 
its absorbance at 370 nm using serially diluted chromate 
solution. The chromate reduction assay was performed 
by measuring the steady state of absorbance at 370 nm 
with a fixed concentration of NADH. The chromate re- 
duction was also confirmed by endpoint method where 
the colorimetric dye of 1,5-diphenyl carbazide was used 
as previously reported [12,22]. 50 µL 1 mM chromate 
solution, 40 µL 1 × 109 pfu/mL T7 phage, and 10 µL of 1 
mM NADH were mixed to start the reaction, and after 
three days of incubation at room temperature (22 ± 1˚C), 
the reaction solution was mixed with 100 µL of a col- 
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orimetric reaction reagent so as to stop the reaction. After 
15 min of color development, the A540 of samples was 
determined using a microplate reader (Molecular Device 
LLC, Sunnyvale, CA). As previously reported, the Cr(III) 
enzymatic reduced product produces a specific absorb-
ance at 580 nm [21]. The reduction product Cr(III) in our 
kinetics studies was measured using the absorbance at 
580 nm.  

2.10. U(VI) Determination 

U(VI) was quantified as described [12] with a little 
modification for 96-well plate protocol. Samples were 
collected after incubation experiments and then mixed 
with colorimetric reaction reagents. The colorimetric 
reagent used as an 8 mL mixture containing a complex 
solution consisting of 5 mL of 1 mM 2-(2-thiazolyazo-p- 
cresol), 1 mL of Triton X-100 (0.1%), 1 mL of 1 mM, 
N-acetyl-N, N, N-trimethyammonium bromide, and 1 
mL of 0.1 M triethanolamine buffer (pH 6.5). This 
method depends on the binding of 2-(2-thiazolyazo-p- 
cresol) to U(VI), a process aided by Triton X-100 and 
N-acetyl-N, N, N-trimethy-ammonium bromide. 50 µL 1 
mM uranium (VI) acetate, 40 µL 1 × 109 pfu /mL T7 
phage (A260 = 1.0), and 10 µL of 1 mM NADH were 
mixed to start the reaction. After three days of incubation 
at room temperature (22 ± 1˚C), the reaction solution 
was mixed with 100 µL of a colorimetric reaction re- 
agent to stop the reaction. After 15 min of color devel- 
opment, the A625 of the samples was determined using a 
microplate reader (Molecular Device LLC, Sunnyvale, 
CA). For quantifying uranium (VI) concentrations, a 
standard curve was constructed using uranium acetate 
(VI) in the presence of 40 µL buffer and 10 µL 1 mM 
NADH (Sigma), but in the absence of bacteriophage.  

2.11. Batch Sorption of U(VI) on Phages 

To determine U(VI) sorption characteristics on various 
phages as a function of aqueous U(VI) concentration, 
batch sorption experiments were performed in duplicates 
at room temperature (22˚C ± 1˚C) in 15-mL Ultra- 
free-MC centrifugal filter units having a microporous 
membrane with a molecular cutoff value at 50 kDa (Mil- 
lipore Inc, Billerica, MA). Ultrapure water was used as a 
background solution. The suspension in the tubes con- 
sisted of 5 mL phages (1 × 109 pfu/mL) solution and an 
aqueous U(VI) concentration ranging from 5.15 × 10−3 to 
12.4 × 10−9 M. The mixture samples were equilibrated 
for 24h on a reciprocal shaker, and then centrifuged for 
30 min (3500 rpm) for phase separation using centrifuge 
filter tubes with a molecular cutoff of 50 k Da. The li- 
quids that passed through the filter were collected from 
the bottom of the filter tubes for chemical analysis. 
Uranyl concentration in the filtrates was analyzed using 

kinetic phosphorescence analyzer (KPA, Chemchek In- 
struments, Richland, WA). The adsorbed uranyl was 
calculated from the difference between the total U(VI) 
added and the measured final aqueous U(VI) concentra- 
tions in the suspensions. The mass of the T7 phages is 
based on a T7 molecular mass of 50 × 106 g/mol [23]. 
The uranyl [U(VI)] absorption distribution coefficient Kd 
was measured as previously described [1,24].  

2.12. TEM (Transmission Electron Microscope)  
Experiments  

Purified phage particles (1 × 109 pfu/mL) were prepared 
for TEM in an anaerobic glove bag (Ar/H2, 95:5) using 
anoxic solutions. 1 mL of phage particle suspension that 
had been incubated for 3 days with 0.5 mM uranium 
acetate was centrifuged (2300 × g, 5 min). The phage 
particles were then mounted on 200 mesh copper grids 
with formvar support film that was coated with carbon. 
Unstained sections were examined at 200 kV using JEOL 
2010 high-resolution TEM equipped with LaB6 filament, 
utlizing a resolution of 1.9 Å. Images were digitally col- 
lected and analyzed using DigitalMicrograph software 
(Gatan Inc, Pleasanton, CA). The elemental composition 
of precipitates was determined using Energy Dispersive 
X-ray spectroscopy (Oxford Instruments, Fremont, CA) 
equipped with SiLi detector and analyzed with ISIS 
software. The selected area diffraction patterns were eva- 
luated using the Desktop Microscopist software (Lacuna 
Laboratories, Tempe, AZ).  

2.13. XANES Experiments 

To verify the production of U(IV) on the phage surfaces, 
selected phage particles were incubated with 0.5 mM 
uranium acetate solution in water for 3 days at room 
temperature. Phage viability was confirmed before and 
after incubation with U(VI) solution in an anaerobic 
chamber. Phage particles were then purified by PEG8000 
precipitation twice, and dried completely after the second 
precipitation. Phage particles were resuspended thor- 
oughly with 0.5 mL EpoThin epoxy (Buehler Inc, Lake 
Bluff, IL) in an aluminum tube that was 12.2 mm inner 
diameter × 12.2 mm length. The tube was sealed at one 
end using Parafilm (American Can Company, Greenwich, 
CT), and the samples were dried overnight. Blocks were 
sectioned anaerobically to 100 mm with a Diatome 45- 
degree diamond knife using an Ultracut UCT ultrami- 
crotome (Leica. Inc., Bannockburn, IL). These cut solidi- 
fied samples were then polished and mapped with a 
stainless steel spatula. Seal thin section samples were 
sent to the Advanced Photon Source at Argonne National 
Laboratory in Chicago, IL. Uranium hot spots were cho- 
sen for XANES analysis in order to determine of U va- 
lence states. 
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3. Results 

3.1. Construction of T7 Phage Library 

mRNA was isolated from Geobacter sulfurreducens 
(ATCC strain 51573) and Shewanella oneidensis MR-1 
(ATCC strain 70050), and cDNA was synthesized using 
random hexanucleotide primers. This was performed 
essentially as previously described for the construction of 
genomic libraries [15,25]. The vast majority of synthe- 
sized cDNA fragments were between 500 and 2000 base 
pairs in length, and were apparent as a large smear fol- 
lowing agarose gel electrophoresis and DNA staining 
(Figure S2). This suggests that the cDNA contains ran- 
domized pools of genes representative of the genomes of 
these microbes. These cDNA fragments were ligated into 
T7 Select 10-3 vector arms between EcoRI and HindIII 
restriction sites, and incorporated into T7 bacteriophage 
in essentially the same manner as previously described 
[15,25].  

3.2. High-Throughput Identification of  
Chromate Reductase Activities 

A fast and efficient selection methodology was deployed 
to screen the functional activity of the phage library 
based on the ability to reduce chromate. Three rounds of 
selection involved infection of 1.5 mL of freshly cultured 
E. coli strain BLT-5403 with phage (500 pfu) using 96 
deep-well microplates (Figure S1). The chromate reduc- 
tion was measured using the absorbance spectrum at 370 
nm (ε370 = 4700 M−1·cm−1) [21] in the first round of 
screening, and measuring the NADH consuming by ab- 
sorbance at 340 nm in the second round of screening. 
Finally in the third round, phages from wells to reduce 
chromate (<60% of control wells) were rescreened fol- 
lowing the introduction of infection of E. coli BLT 5403 
cells and an isolation of phages based on the NADH- 
dependent reduction of chromate by colorimetric devel- 
opment using 1,5-diphenylcarbazide (Figure S3), as pre- 
viously described [11,12]. On the basis of these three 
rounds of screening, there were some individual T7 
plaques picked from the chromate responsive wells that 
continued to show significant chromate and uranyl re- 
duction when compared to the wild-type phage that un- 
derwent no insertion (Figure 1). Only these phage muta- 
tions were sent for DNA sequencing.  

3.3. Chromate Reduction Is Encoded by Small  
Polypeptides Homologous to Aβ-Like  
Peptides 

DNA sequencing of ten different phage mutants capable 
of mediating chromate reduction were identified by the 
presence of short peptides derived from the noncoding 
DNA of Geobacter (6 clones) or Shewanella (4 clones) 

(Table 1). These short peptide sequences have motifs 
predicted to be structurally similar to portions of the 42 
amino acid Aβ peptide, which is known to bind and re- 
duce transition metals in the presence of a range of dif- 
ferent biological reductants, including NADH [26-30]. 
Based on the PASTA algorithm, these sequences encode 
β-pairings known to participate in cross-β-fibrillar ag- 
gregates that are important for high-affinity metal bind- 
ing [26,27,29,30].  

3.4. Uranium Precipitation Observed on the Aβ  
Displayed Bacteriophage T7 

To explore the potential of the 42 amino acid Aβ peptide 
displayed on bacteriophage to reduce chromate and 
uranyl metals ions, we created a phage construct encod- 
ing the 42 amino acid Aβ peptide using synthesized DNA. 
The phage construct that displays the 42 amino acid Aβ 
peptide actively reduced both chromate and uranyl metal  
 

 

Figure 1. Different T7 phage mutations tested for chromate 
[Cr(VI)] (a) and uranyl [U(VI)) (b) reduction. The histo- 
gram represents the percentage of chromate [Cr(VI)] and 
uranyl [U(VI)] reduction after incubation with the purified 
T7 phage mutations with 0.1 mM NADH and 0.5 mM 
chromate [Cr(VI)] (a) or 0.5 mM uranyl [U(VI)] (b) for 
three days at RT. All experiments were done triplicate. The 
average values were presented here, with the error bar 
representing the standard derivation with three independ- 
ent experiments. 
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ions (Figure 1). To further confirm the uranium reduc- 
tion, the purified phage particles were incubated with 
chromate or uranyl solution for three days. Through 
washing and PEG precipitation, the phage particles were 
then analyzed with TEM. The black uranium precipita- 
tion was observed in unstained TEM micrographs for 
phage expressing the Aβ peptide. By comparison, wild- 
type phages incubated with uranyl and NADH were not 
visible prior to staining with Nano-W (Figures 2(a), (b)). 
There was no obvious chromate precipitation in the un- 
stained TEM micrographs for phages expressing the Aβ 
peptide, however phage shape was clearly visible in 
those phage particles after chromate reduction experi- 
ments were performed, while wild-type phage incubated 
with chromate and NADH were not visible without 
staining. Control staining experiments indicate that simi-
lar phage abundances (i.e., 1 × 109 pfu/mL) were present 
in both wt phage T7 and Aβ-T7 phage samples. Clear 
phage-like particles with diameters around 50 - 100 nm, 
were visible in all stained images. Analysis of the pre- 
cipitation by EDS (electron dispersive spectroscopy) 
confirmed the presence of large abundance of uranium 
elements (Figure 2(c), full spectrum in Figure S4). 
These results indicated that the 42 amino acid Aβ peptide 
was capable of using an available reducing agent (i.e. 
NADH) to promote chromate and uranyl reduction. Fur- 
thermore, the ability to detect precipitated uranium on the 
surface of a phage sample after uranium reduction and 
following repeated washes suggests a strong association 
of uranyl with the phage particles.   

3.5. Uraninite Valence States of Aβ-T7 Phage  
Samples  

U(VI) reduction was quantified colorimetrically using 
2-(2-thiazolyazo-p-cresol) (wavelength at 625 nm) in 
0.1% Triton X-100,N-acetyl-N,N,N-trimethylammonium 
bromide (125 nM), and 12.5 mM triethanolamine buffer 
(pH 6.5) with Aβ-T7-bacteriphage. Valence states of the 
reduction product precipitants were further quantitatively 
identified using XANES measurements of Aβ-T7 phage. 
The purified Aβ-T7 phage particles resulting from uranyl 
reduction experiments were further thoroughly washed 
and PEG precipitated. Then the samples were sealed, 
dried and blocked, and polished prior to shipment to the 
Advanced Light Source at Argonne National Laboratory 
for analysis. Uranium hot spots were chosen for XANES 
analysis for determination of the U valence state (Figure 
3(a)). Based on the spectrum of standards (uranyl nitrate 
and UO2), the uranium U valence state from the sample 
of the T7-phage expressing Aβ peptide was matched to 
[U(IV)] standard (Figure 3(b)). This result indicated that 
uraninite [U(IV))] was reduced from uranyl [U(VI)] by 
the bacteriophage using the reducing agent (i.e. NADH 
in our experiments). 

3.6. Batch Sorption of U(VI) to Phages 

Equilibrium adsorption of uranyl onto the phage surface 
was measured using a kinetic phosphorescence analyzer. 
Measured absorption capabilities varied by an order of 
magnitude, but there was no displayed correlation with 
the rates of uranyl ion reduction by different phage mu- 
tants (Table 2, Figure S5). For example, MR-2 mutant 
showed very strong uranyl reduction (Figure 1), while 
the absorption distribution coefficient Kd value was the 
lowest: 2 × 109 (µmol/kg)/(µmol/L). The wild type T7 
phage had Kd value 7 × 109 (µmol/kg)/(µmol/L), while 
other phage mutations had the Kd value at similar levels 
of around 109 - 1010 (µmol/kg)/(µmol/L). Indeed, wild- 
type bacteriophages bind uranyl metal ions with a high 
absorption distribution coefficient Kd (Table 2, Figure 
S5). This is a much higher absorption rate in comparison 
to other nanomaterials [31-33]. The natural affinity of 
phage for U(VI) is so strong that the uranyl absorbed on 
the phage surface is proximity to the catalytic peptides, 
thus the absorption may facilitate uranyl reduction by 
 

 

Figure 2. TEM-EDS experiments for wild type and Aβ-T7 
phage after chromate and uranyl reduction experiments. (a) 
Wild type T7 and Aβ-T7 phage particles after chromate 
reduction experiments (incubated with chromate [Cr((VI)] 
and NADH three days) were washed, purified and stained 
with Nano-W for TEM experiments. (b) Wild type T7 and 
Aβ-T7 phage particles after uranyl reduction experiments 
(incubated with U(VI) and NADH three days) were washed 
and purified for TEM without staining. (c) Spectrum of 
EDS from the dark precipitation on the surface of Aβ-T7 
phage. The unique spectrum peaks of EDS were identical 
for uranium element. 

Copyright © 2013 SciRes.                                                                                  JEP 



Aβ-Like Peptide Displayed on Bacteriophage T7 Catalyzes Chromate and Uranyl Reduction 

Copyright © 2013 SciRes.                                                                                  JEP 

863

  
Table 1. Positive mutations bearing β-aggregation peptides. 

 Amino acid sequence of the insertion peptide 
β-aggregation prediction with 

PASTA energies threshold 
≥OR ≤−4.0a 

E07L1: GDPNSALRGGPNPLALKSQGMRCGYGVKG ≤−4.0 

A12L1: GDPNSAQVEPGAFTSDLKDDRLHALYAQ ≤−4.0 

A12H8: GDPNSAPRVSASSPRIQFR ≤−4.0 

B1Dec: GDPNSSSSTACGRTRVTS ≤−4.0 

B2Dec:GDPNSRSVYSLRSPRVVVNPLGPLNGF ≤−4.0 

Positive Outcomes from  
Geobacter sulfurreducens cDNA 

library screening 

B4Dec: GDPNSRSGYSLRSPRVTS ≤−4.0 

MR-2: GDPNSSRPTRLVSYYAFFK ≤−4.0 

MR-3: GDPNSQRGHHYAIRAGRNLP ≤−4.0 

MR-6: GDPNSARGFFTPFIVTHVSIRTSDTSSVGYPFTFYGLQNAPVPRNP-
NGLHP 

≤−4.0 
Positive Outcomes from  

Shewanella oneidenesis (MR-1) 
cDNA library screening 

MR-17: GDPNSSSEVFFSFRFFFPLWGFFSCGGAFSGIDG-
FDCAPDGIVISINSTNVSVPLSFLKNTIALGTIALEQLQATERS 

≤−4.0 

T7-Human Amyloid Aβ Aβ-T7-: GDPNSDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGG-
VVI

≤−4.0 

aThe β-aggregation propensity was based on PASTA (Prediction of Amyloid Structure Aggregation) online server (http://protein.cribi.unipd.it/pasta/). The 
PASTA energy threshold-4 was established on a set of 179 experimentally verified peptides in terms of true positive rate and false positive rate [44]. β-pairings 
known to participate in cross-β-fibrillar aggregates generally have PASTA energies ≤−4.0. 

 
Table 2. Phage variants uranyl absorption distribution coef- 
ficients Kda. 

T7 phage variants Kda 

wt 7.0 × 109 

MR-2 2.0 × 109 

MR-6 7.0 × 109 

MR-17 
B1Dec 

7.0 × 1010 

1.0 × 1010 

aUranium absorption experiments for different phage variants. The U(VI) 
absorption distribution coefficients (Kd) of wt phage and different phage 
mutants were measured by KPA (Kinetics Phosphorescence Analysis)- 
filtration experiments. Kd unit: (µmol/kg)/(µmol/L). 

 
Aβ-like peptides, although the tight binding is insuffi- 
cient for catalysis. These results are consistent with prior 
suggestions that the structures of β-amyloid like peptides 
are required for the catalytic reduction of metal ions in 
the presence of biological reductants [29,30,34]. 

4. Discussion 

In searching for feasible uranium reductases for bacte-
riophage mediated bioreduction, a cDNA library of G. 
sulfurreducens and S. oneidenesis (MR-1) have been 
successfully subcloned into phage vectors T7Select10-3. 
High-throughput screening has produced mutations 
bearing short peptides on the bacteriophage surface. The 
bacteriophage bearing Aβ showed promising uranyl as- 
sociation. Both the wild type and the mutant bacterio- 
phage strongly absorbed U(VI) (Figure 2 and S5), and the 
adsorption distribution coefficient Kd reached 109 - 1010 
(mmol/kg)/(mmol/L) (Table 2). This is a very strong 

absorption as compared to other materials. 
From the phage cDNA library screening, we did not 

identify any genes from G. sulfurreducens that have been 
reported to play an important role in bioremediation, such 
as hydrogenase enzymes or cytochromes [2,4,6,35,36]. 
Very unexpectedly small peptides encoded by DNA se- 
quence from non-coding regions of the G. sulfurreducens 
and S. oneidenesis genomes were shown to reduce chro- 
mate and uranium. After DNA sequencing of these short 
regions, amino acid sequences were used to infer the 
likely formation of β-fibrillar aggregation with all 10 
peptides (Table 1). This β-sheet rich secondary structure 
may explain why these peptides reduce chromate and 
uranium. To verify if the phage mediated uranium reduc- 
tion indeed produce uranium (IV), the purified T7 bacte- 
riophage bearing Aβ peptide were tested in the XANES. 
The results suggest that U(IV) was produced from the 
purified phage samples (Figure 3).  

In addition to the bacterial reduction and precipitation 
of metal ions through extracellular cytochromes, a uni- 
que metalloprotein mechanism has been found to be as- 
sociated with neurodegenerative diseases in the human 
brain [26,30,34,37]. Evidence shows that metal ions such 
as zinc, copper, and iron can be reduced with amyloid-β 
proteins and precipitated in the brain because amyloid 
βpeptide complexes possess a metalloprotein function by 
binding metal ions either with N-τ of the histidine imi- 
dazole ring and main chain amide nitrogens or N-Π atom 
[27,28,38,39]. Spectrophotometer experiments have es- 
tablished that the amyloid peptide reduces Fe(III) and 
Cu(II) to Fe(II) and Cu(I) when reducing reagents are 
available [29,30]. In this study, several small peptides  
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(a) 

 
(b) 

Figure 3. XANES analysis U(IV) presented on Aβ-T7 phage 
surface. XANES analysis was completed with three total 
replicates. The data shown is the average spectra of those 
replicates. (a) The uranium map from the mount section 
solid samples scan; (b) The integration and comparison to 
standards: uranyl nitrate (U(VI), blue line) and UO2, (U(IV), 
red line), the U valence state of the uranium on T7-phage 
bearing Aβ peptide (green line) were identified to be ura- 
nium (IV).   
 
were identified from the phage selection system that may 
form amyloid aggregations. These may also be capable 
of reducing chromate and uranyl via similar mechanism. 

Although the phage selection system did not find any 
cytochromes or hydrogenase genes, the identified small 
peptides are nevertheless unique findings relevant to 
phage-mediated bioremediation. The smaller the size of 
the peptides that are expressed on the phage surface, the 
higher the copy number of the peptides that can be ex- 
pressed [40]. The cytochromes or hydrogenases are rela- 
tively large, and normally one copy number can be 
achieved with the T7 Select 10-3 display system. The 
copy number for those small peptides can be as high as 
50 per phage particle. It is very likely that the higher 
copy number may facilitate the aggregation of Aβ-like 
peptides, and contribute to the reduction. In this consid- 
eration, small amyloid peptides will have more advan- 

tages than larger genes such as cytochromes and hydro- 
genases for the purpose of bioremediation using bacte- 
riophage. 

Extracellular electron acceptors within soils include 
humic compounds (such as extrocellular quinones) that 
can serve as electron shuttles to promote environmental 
restoration through the catalytic reduction of heavy met- 
als and organic pesticides by means of abiotic catalytic 
mechanisms that do not require living microbes. Ex- 
tracellular protein complexes of certain bacteria, intra- 
cellular NADH dependent reductase, and amyloid pep- 
tide from this study suggest that the reduction of oppor- 
tunistic metals bound to a range of proteins is possible. 
The bacteriophage mutants that contained short peptides 
were able to enhance bioreduction of uranium and chro- 
mium by a strong absorption effect and a bioreduction 
property. In this study we only tested the T7 bacterio- 
phage for chromate and uranium remediation in a labo- 
ratory scale. Further testing is required to determine 
whether the engineered bacteriophage can be used for 
field-deployment. Although many different types and 
phage strains have been isolated from the environment, 
and while the application of these bacteriophage for the 
purposes of gene typing and water quality indication 
have been well studied [41-43], the application of iso- 
lated bacteriophage or engineered bacteirophage for bio- 
remediation has not yet explored. Therefore the study 
reported here offers initial data and analysis useful to the 
applications of bacteriophage for uranium bioremedia 
tions at Cr and U contaminated sites such as those man-
aged by the US Department of Energy. 
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Appendix 

 

Figure S1. Digraph of the high through-put phage screening 
system. The first round was overall dilution (5 × 104 pfu/well) 
of the pool library into multiple deep 96-well plates and the 
supernatants were collected from overnight culture and 
tested on the chromate reduction by measuring the absorb-
ance at 370 nm wavelength. The second round of screening 
started from the dilation (1 × 102 pfu/well) of the responsive 
phage mutants pool from first round screening, chromate 
reduction was measured by A340 (NADH consuming). For 
the 3rd round of screening, the responsive phage mutants 
from 2nd round screening were cultured individually (1 
pfu/well), and the chromate reduction was measured by 
DPC method. Only those phage mutants still showing re-
sponsive after passed three rounds of screenings were sent 
for DNA sequencing. 
 

 

Figure S2. Validation of the cDNA library. Size distribution 
of cDNA library constructed using RT-PCR for Shewanella 
oneidensis MR-1 (ATCC strain 70050) (panel (a)) or Geo- 
bacter sulfurreducens (ATCC strain 51573) (panel (b)) (right 
lanes) in comparison to standards (left lanes) resolved using 
0.5% agarose gel electrophoresis.  

 

Figure S3. Positive clones following NADH-dependent in-
creases in chromate reduction for representative phages 
following third round of screening. Chromate reduction 
(measured by DPC method) was more significant when the 
NADH (100 μM) was present (blue bars) compared to 
without NADH (red bars) during the round 1 screening with 
10 non-responsive phage mutations and 5 responsive phage 
mutations. The wild type phage (no-insertion) is a non-re-
sponsive for the chromate reduction. 
 

 

Figure S4. The full spectrum of the EDS for the uranium 
elementary analysis from the T7-Aβ phage experiment, as 
described in Figure 3.  
 

 

Figure S5. Batch U(VI) absorption experiments and the 
absorption distribution coefficient Kd measurements with 
selected phage variants. Kd were determined from the slope 
of the liner curve fitting. 
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