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Abstract 

Biomineralization is a natural process that transforms inorganic precursors to mineralized products. With 

applications to materials synthesis and mineral extraction, biomineralization is a green alternative to 

traditional wet chemistry and hydrometallurgical techniques. In these traditional approaches, organic 

solvents, high temperatures, and hazardous wastes are ubiquitous, but via biomineralization the same results 

can be achieved at room temperature in aqueous conditions. In this work, I probe the structure and function 

of precision biomineralization protein silicatein for applications in inorganic oxide nanoparticle synthesis. 

While silicatein produces monodisperse, crystalline particles, the rate of production is not competitive with 

current wet chemistry techniques. Therefore, enzyme solubility and kinetics are targeted via the addition of 

fusion tags, directed evolution, and rationale-based design.  

Further, I examine the robust biomineralization protein smCSE as a tool for rare earth element (REE) 

extraction. Crystallography of smCSE with metal precursor reveals a probable metal-interaction site, which 

I probe via site-directed mutagenesis, followed by evaluation of biomineralization with REEs and targeted 

end use with simulated waste streams.  

While biomineralization is promising for materials synthesis applications, it may also be a valuable tool for 

critical mineral extraction.  Accordingly, I consider the harsh conditions associated with mining REEs in 

order to identify promising new biomineralization actors. Collection and culture of microbial species 

identified from mines in southwestern Virginia, followed by screening for tolerance and degradation of 

bituminous compounds and metals reveals Lysinibacillus sphaericus.  In regards to bitumen degradation, 

L. sphaericus degrades polycyclic aromatic hydrocarbons anthracene and naphthalene in minimal media.  

Moreover, L. sphaericus also shows biomineralization of saline lithium chloride to lithium hydroxide 

nanoparticles, which may be promising as a critical mineral extraction technique.        
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Finally, in collaboration with researchers at the United States Air Force Academy, this work implements 

silicatein in cyanobacteria for a carbon-negative biomanufacturing approach and applies silicatein 

biosilicification for biocementation in austere environments.  These applications highlight the versatility 

and wide applicability of biomineralization. 

Overall, this work highlights structure and function of biomineralization proteins with applications in 

materials synthesis and mineral extraction.  
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Figures and Tables 

(in order of appearance) 

Figure 1.  Comparing current nanoceria production with silicatein 

production in two cases. Estimates made for theoretical 

bioreactor size, TF-silicatein concentration, and Vmax and Kcat 

for TF-silicatein with ceria. Notably, to produce 2,000 L of 2 

µM TF-silicatein as proposed in this scenario, 500,000 L of 

recombinant E. coli cell culture would be necessary 

(calculation based on current experimental silicatein 

production). Cerion Nanomaterials and Toyota information 

from cerionnano.com and autodealertodaymagazine.com.  

Figure made with Biorender. 

Figure 2.   Biomineralization with silicatein.  Enzymatic 

biomineralization with silicatein transforms an inorganic salt 

to an inorganic oxide.  In the case of native substrate, a silica 

salt species is transformed to silica oxide.  Figure utilizes PDB 

structure 6ZQ3. 

Figure 3.   

 

E-waste recycling includes physical/mechanical pre-treatment 

then traditional manufacturing techniques utilize pyro and 

hydrometallurgy to recover metal mixtures.  In the future, 

biometallurgy techniques are promising for isolating 

concentrated and purified metal mixtures.  Figure made with 

Biorender. 

Figure 4.  

 

A comparison of MICP with S. pasteurii and the proposed 

mechanism for biocementation via biosilicification with E. 

coli INP-silicatein. Soil particles are initially unbound and 



 6 

have minimal compressive strength. A) MICP with the 

addition of S. pasteurii, urea, ammonium chloride, and calcium 

chloride leads to calcium carbonate precipitation, cementing 

particles together. Additional treatments lead to additional 

particle “growth.” B) Addition of E. coli INP-silicatein leads 

to the polymerization of silica species, forming bridges 

between particles and “growing” aggregate size. Further 

treatments strengthen these connections by inducing further 

polymerization.  Figure made with Biorender.   

Figure 1A-1.   SDS-PAGE for purified silicatein fusions. 

Figure 1A-2.  Silver-stained Native PAGE gel shows in vitro protein 

interactions.   

Figure 1A-3.    Biomineralization of silica and ceria with silicatein fusions 

Figure 1B-1.   BL21 E coli survival following ceria exposure.   

Figure 1B-2.   GFP fluorescence for library screening.   

Figure 1B-3. Establishing toxic concentration of ceria ammonium nitrate.   

Figure 1B-4.  Expected and alternative outcomes of the experimental 

procedure surrounding directed evolution with recombinant 

silicatein. 

Figure 1B-5.   Sequence alignment for WT compared to >80% consensus 

sequences for 2.6, 2.7, and 2.8.   

Figure 1B-6. A) Ceria mineralization of wild-type and mutant TF-silicateins 

in whole cell lysates, normalized to the production of WT.   
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B)  Specialized Native PAGE of wild-type and mutants 2.6, 

2.7, 2.8. correlating protein size with biomineralization 

activity.   

Figure 1B-7.  

 

A) SDS PAGE with whole cell lysates.   

B)  Immunoblot with whole cell lysates.   

Figure 1B-8.   Sequences for mutant family 2.6.  Earliest truncation is at AA 

128. 

Figure 1B-9.  Silicatein structure (PDB 6ZQ3) with A) truncated tail of 

mutant family 2.6 consensus highlighted in orange.  B) shows 

the truncated consensus protein of mutant family 2.6.   

 

Figure 1B-10.   A) Ceria mineralization for purified TF-silicatein and 

catalytic triad mutants.  

Fig 1C-1. Silicatein enzyme kinetics as measured with precursor ceria 

ammonium nitrate resulting in ceric oxide formation.  A 

Michaelis-Menten curve fit was applied to calculate vmax = 8.1 

x 10-8, 2.7 x 10-8, and 8.3 x 10-9 moles/hr for TF-sil, GFP-sil, 

and CAN only, respectively.  The calculated Km values were 

14.6, 4.7, and 1.3 mM respectively.  N = 30 

Figure 1C-2.   IUPRED disorder predictions for the proposed mutants.  Left, 

IUPRED predicts decreasing disorder as the polyS region is 

mutated to A.  On the right, each mutation to proline results 

in increased intrinsic disorder.  (Note, pictured is IUPRED 

prediction which is less specific than the postulated amyloid 

aggregation.)  
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Fig. 1C-3.  Silicatein crystal structure 6ZQ3 with polyS region 

highlighted in red and predicted amyloid-like region in blue.  

Figure 1C-4.   

 

PEP-FOLD predictions with YPFVGK (magenta).  Row 1 

shows P61-K97 or 

PYGNHGCHGGNMYDAFLYVIANEGVDQDSAYPFVGK.  

Row 2 shows F76-M112 or 

FLYVIANEGVDQDSAYPFVGKQSSCNYNSKYKGTSM 

and H64-C100 or 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSC.  

Row 3 shows nonapeptides S74-Q83 or SAYPFVGKQ and 

mutant SAPPFVGKQ.   

Figure 1C-5.   SDS-PAGE gels for polyS purifications.  Red arrows indicate 

bands of interest at 75 and 26 kDa.   

Figure 1C-6.   Ceria biomineralization yields of polyS mutants relative to WT 

TF-silicatein.  Error bars represent SEM.  One-way ANOVA 

shows no significant difference between ceria 

biomineralization yields of any of the mutants and WT TF-

silicatein.  

Figure 1C-7. SDS-PAGE for H64A and H67A immobilized metal affinity 

chromatography purifications showing flow through (FT), 10, 

25, 50, and 500 mM elutions.   

Figure 1C-8.   Ceria biomineralization yields of histidine mutants relative to 

WT TF-silicatein.  Error bars represent SEM.  One-way 

ANOVA shows no significant difference between ceria 

biomineralization yields of any of the mutants and WT TF-

silicatein. 
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Figure 2A-1.  

 

A)  Coordination of cadmium ion between H49, E53, H351.  

Imidazole rings from histidine side chains form imidazole 

“trap.”  Adapted from unpublished work by P. Mahanta, R. 

Acharya, B. W. Berger.  B) H49 and H351 (without Cd 

exposure) and associated proline brackets (P46 & P60, P346 & 

P355) 

Figure 2A-2.   

 

SDS-PAGE for WT smCSE and histidine mutants.  The 

purified fraction is shown at 1M imidazole elution, then the 

column flow through (FT).   

Figure 2A-3.   Fluorescence over time shows cadmium sulfide quantum 

dot formation (exc. 360, em. 520 nm) of WT smCSE and 

mutant H49A.   

Figure 2A-4.   A) Hydrogen sulfide generation for WT smCSE, H49A, and 

H351A mutants.  The “enzyme only” (negative control) and + 

L-cysteine conditions are shown as well as L-cysteine without 

added enzyme.   B)  Native PAGE for smCSE H351A.  Band 

is above 242 kDa, anticipated tetramer molecular weight would 

be approximately 192 kDa. 

Table 2B-1.  Rare earth element sulfides and their colors. 

Figure 2B-1.   smCSE biomineralization of CAN.  Sample 1 is smCSE only, 

without precursors.  Sample 2 is smCSE with CAN and L-

cysteine.  Sample 3 is CAN and L-cysteine. 

Figure 2B-2.  Preliminary biomineralization with smCSE and REEs.  

Sample 1) smCSE only, 2) smCSE + ceria ammonium nitrate 

+ L-cysteine, 3) ceria ammonium nitrate + L-cysteine, 4) 

smCSE + lanthanum (III) nitrate + L-cysteine, 5) lanthanum 
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(III) nitrate + L-cysteine, 6) smCSE + neodymium (III) nitrate 

+ L-cysteine, and 7) neodymium (III) nitrate + L-cysteine.  

Precipitates evident in samples 2, 3, 4, and 6.   

Figure 2B-3.   X-ray diffraction spectra for REE sulfide compounds formed 

via reaction with smCSE.    

Figure 2B-4.   

 

XRD spectra comparing REE sulfide samples made via 

enzymatic biomineralization with smCSE and known REE 

sulfide compounds (left).  The closest matches are shown on 

the right.    

Figure 2B-5.   

 

smCSE biomineralization with cadmium and cerium 

precursors evaluated via fluorescence (exc 360 nm, em 520 

nm) over 36 hours.  Fluorescence is indicative of CdS 

quantum dot formation.  CeS quantum dots do not fluoresce 

with this excitation and emission.  Area under the curve is 

376 and 373 for smCSE + CdAc + Cys and smCSE + CdAc + 

CAN + Cys respectively, illustrating no significant difference 

(two-tailed unpaired t-test, p = 0.9951).   

Figure 2C-1.   Proposed column biological soil crust formation for smCSE 

and waste mixtures.  In step 1, the protein is affixed to the 

column.  In step 2, the waste mixture is poured over the 

column.  In step 3, the REE “chunks” are visible and 

available for collection.  Figure made with Biorender.  

Figure 2C-2.   

 

Small batch reaction of smCSE, cadmium acetate, and L-

cysteine as compared to cadmium acetate and L-cysteine (no 

enzyme) conditions over a time-course of several days.  At 24 

hours of incubation, there is no detectable difference in 
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fluorescence between the precursor only condition and the 

smCSE + precursor condition.  Additional precursors were 

added to each.  After 96 hours, there is notable difference in 

fluorescence between the two cases (fluorescence manifests as 

darkness with this imager).   

Table 3A-1 Bacteria identified from western Virginia coal samples. 

Figure 3A-1 Growth of Lysinibacillus, Pseudomonas, and Bacillus 

Aryabhattai with hydrocarbons over 16 hours. 

Figure 3A-2. Figure 3A-2.  Lysinibacillus sphaericus growth with 

polycyclic aromatic hydrocarbons as sole carbon source (left) 

and LB as a carbon source (right) over a period of 18 hours.  

For PAHs, blue shows growth with anthracene while pink 

represents growth with naphthalene.   

Figure 3A-3.   

 

Lysinibacillus sphaericus growth with and degradation of 

naphthalene.  Time-course for L. sphaericus growth in 

minimal media with naphthalene (OD600, left y axis) 

compared to fluorescence intensity (arbitrary units, right y 

axis). 

Figure 3B-1. 

 

Coal friends survival and tolerance to ceria ammonium 

nitrate. 

Figure 3B-2. Coal friends screening with ceria ammonium nitrate, 

lanthanum nitrate, neodymium nitrate, and lithium chloride in 

liquid culture. 

Figure 3B-3. A) Lithium recovery following incubation with Lysinibacillus 

sphaericus cells as measured by HPBO fluorescent assay.  “Li” 

is the LiCl only condition, normalized to 1.  L. sphaericus 
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coincubated with LiCl is “LysB + Li”. A two-tailed un-paired 

t-test df = 17 results in p = 0.0011.  B) Comparing lithium and 

sodium precipitation by L. sphaericus, as measured by HPBO 

and CoroNa green fluorescent assays.  HPBO for lithium 

species, and CoroNa green for sodium species.  “LysB + Li” 

and “LysB + Li + Na” show that lithium species are 

precipitated with LysB significantly more than in the “Li + Na 

only” condition.  Further, “LysB + Li + Na” shows that lithium 

species are in much greater abundance than sodium species.   

Figure 3B-4. Fourier transform infrared spectra for precipitated lithium.   

Figure 3B-5.  

 

Transmission electron microscopy imaging for lithium 

hydroxide nanoparticles. 

Figure 3B-6.  

 

SDS-PAGE for concentrated LiOH nanoparticles. 80, 45, and 

10 kDa bands were taken for analysis via mass spectrometry.  

Table 3B-1.  

 

Biomolecules associated with LiOH nanoparticles as 

identified by ESI-LC-MS/MS. 

Figure 3B-7. SDS-PAGE gel for ghost extraction.  MW of ghost proteins is 

anticipated at approximately 125 kDa.  Band highlighted by 

red arrow is at approximately 125 kDa.     

Table 3B-2.   Normalizing L. sphaericus cells and ghosts via OD600 for 

biomineralization experiments.   

Table 3C-1.   LigFa concentrations for various samples. 

Figure 3C-1.  

 

A)  Western blot for purified recombinant LigFa.  The full-

length protein has an anticipated MW of 77 kDa.  Amersham 

rainbow ladder shows 76 kDa in yellow and 52 kDa in purple.  

B) Absorbance at 564 nm shows LigFa has significantly 
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greater absorbance than a buffer-only blank as analyzed with 

an unpaired t test, p<0.01.    

Figure 3C-2.   Absorbance of LigFa compared to a buffer only solution.  

LigFa curve is comparable to what has been previously 

reported by Ferrer, et al.  

Table 3M-1.   Annotated results for L. sphaericus 16s rRNA sequencing from 

Azenta.   

Table 4-1.  Selected CyanoGate parts 

Figure 4-1.   Colony PCR for CG1, CG2, and CG3.   

Figure 4-2.   Colony PCR for pAM1954-eGFP-sil. 

Figure 4-3.   Growing cyanobacteria transformed with CGF or pAM-

eGFP-sil in 6-well plates.   

Figure 5-1.   His-tag purification for recombinant INP-silicatein. 

Figure 5-2.  In vivo biomineralization with INP-silicatein-a. Silica 

mineralization can be visualized as precipitate after sample 

ultra-centrifugation. 1) Precipitate from E. coli INP-silicatein-

a and sodium orthosilicate after 24 hour incubation, 2) 

precipitate from WT BL21 E. coli and sodium orthosilicate 

after 24 hour incubation, 3) precipitate from sodium 

orthosilicate alone after 24 hour incubation. B) Comparison of 

precipitated silica (ng) as quantified via silicomolybdate assay.  

Two-tailed unpaired t-test (p<0.05).   

Figure 5-3.  Immunocytochemistry of WT BL21 E. coli and E. coli INP-

silicatein-a. Green fluorescence shows AlexaFluor 488 

conjugated to anti-silicatein-a. Blue fluorescence shows DAPI 
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staining of nucleic acids, highlighting the interior of bacterial 

cells. Overlay shows co-localization of INP-silicatein-a on the 

exterior of DAPI-stained cells for E. coli INP-silicatein-a, but 

not on WT BL21 E. coli.   

Figure 5-4.  

 

Unconfined compressive strengths for S. pasteurii and E. coli 

INP-silicatein-a bricks. S. pasteurii bricks show an average 

tolerance to 229 kPa (S.E.M. 36 kPa). E. coli INP-silicatein-a 

bricks show an average tolerance of 197 kPa (S.E.M. 34 kPa). 

A two-tailed unpaired t-test shows no significant difference 

between the two (p=0.597).   

Table 5-1.   

 

Unconfined compressive strengths for bricks made with fine-

grain sand.   

Figure 5-5.  

 

Unconfined compressive strengths for S. pasteurii and E. coli 

INP-silicatein-a martian regolith simulant bricks. S. pasteurii 

bricks show an average tolerance to 31.4 kPa (S.E.M. 27.2 

kPa). E. coli NP-silicatein-a bricks show an average tolerance 

of 87.9 kPa (S.E.M. 14.8 kPa). A two-tailed unpaired t-test 

shows no significant difference between the two (p=0.2098).   

Figure 5-6.   INP-silicatein biomineralization with ceria ammonium nitrate.  

1) Supernatant from INP-silicatein with ceria ultracentrifuged 

at 50,000 x g, showing rust-colored precipitate.  2) Supernatant 

from ceria ammonium nitrate only condition, ultracentrifuged 

at 50,000 x g, showing no precipitate.  
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Figure 5-7.   Cylindrical 3D-printed mold for biocementation bricks.   
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Introduction  

Modern technology utilizes a wide range of inorganic materials, from a nanoscopic to macroscopic scale, 

for gas sensors, batteries, solar cells, and more.1  Some of these materials can be chemically synthesized 

from readily available materials, but others require raw materials that must be extracted from the earth via 

mining. In both cases there is increased demand for safer, greener ways to utilize natural resources. 

Synthetic biology takes inspiration from natural systems to implement bio-based solutions for diverse 

applications in agriculture, medicine, and the environment.2 Household examples of synthetic biology 

include “green” enzyme-based cleaning products that have risen in popularity as alternatives to more 

commonly used cleaners that utilize bleach, sodium hydroxide, ammonia, and other chemicals. Products 

such as these are often derived from naturally occurring proteins engineered to more effectively address 

specific applications. Similarly, synthetic biology techniques will aid in the development of greener 

methods for materials synthesis and resource extraction.  

Nature’s synthesis of inorganic materials is often mediated by biomineralization proteins. Via protein 

engineering, naturally occurring proteins can be adapted for use in industrial settings.3 Engineering 

biomineralization proteins is a promising path to transform the current chemically-intensive and dangerous 

approaches to materials synthesis and resource extraction. This work will discuss protein-based approaches 

to these challenges in the following chapters: 1) Biomineralization with silicatein: A route for materials 

synthesis, 2) Biomineralization with smCSE: Rare earth element extraction and reclamation, 3) 

Identifying microbes and proteins compatible with the harsh conditions associated with rare earth 

elements, 4) Silicatein expression in cyanobacteria, and 5) Biocementation with silicatein.   

Biomineralization Background  

Biomineralization is a natural process where metal precursors are transformed to mineralized products, such 

as carbonates, oxides, or sulfides.4–6 The mild temperatures and aqueous conditions for biomineralization 
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are in stark contrast with the extremely high temperatures, highly reactive chemicals, and hazardous waste 

products associated with chemical synthesis techniques.1  Additionally, biomineralization also offers 

significant control over a reaction, generating size-controlled nanoparticles.4 

One example of biomineralization is bone, where-in the protein osteocalcin mediates the formation of 

hydroxyapatite (Ca5(PO4)3).7  Other examples of biomineralization products are teeth and shells (sea shells 

and egg shells), as well as more complex structures including tortoise carapaces and rhinoceros’ horns.8–11   

Overall biomineralization is a wide umbrella that encompasses many unique interactions and mechanisms 

that generate a variety of minerals with diverse material properties. Accordingly, fundamental 

understanding of these processes can aid in the development and applications of greener and safer 

technologies. This work will focus on protein-mediated biomineralization, which is often subdivided into 

two categories: biologically-induced and biologically-controlled mineralization.6  

In biologically-induced biomineralization, the protein enables biomineralization by modulating the 

availability of a key precursor compound.6,12  One example would be a membrane protein that pumps 

necessary precursor into the reaction space; another would be a protein that generates precursor necessary 

for the biomineralization reaction to occur.8 In general, biomineralization processes fall under the classic 

nucleation and growth model, as described by LaMer and Dinegar.13 Mineral formation via biologically-

induced biomineralization can be described by the microkinetic and inhibition growth model.14 Two basic 

assumptions underlie this model: 1) “Kink” nucleation – which we might simplistically think of as 

imperfection nucleation, or phase- boundary nucleation, and 2) equivalent stoichiometry.15–17 Here, 

biomineralization is kicked off by solution supersaturation and therefore modulated by saturation index.15  

When the system is sufficiently oversaturated, crystals form, resulting in overall decreased interfacial 

energy.18  Therefore, with the two examples introduced previously (membrane protein that pumps necessary 

precursor into the reaction space; a protein that generates precursor), these proteins effectively modulate 

the precursor concentration. 
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In biologically-controlled mineralization, the protein acts as a catalyst: effectively increasing the rate of 

mineralization by decreasing the activation energy of the reaction.6,12 The physics of particle nucleation and 

growth here are described by Gebauer and Colfen with the formation of a “pre-nucleation cluster” and a 

notable structural or conformational change.19  The direct role of the protein in guiding structure and 

controlling this biomineralization process tends to lead to relatively uniform particle production. Therefore, 

biologically-controlled mineralization is also characterized by patterning or templating behavior.6,12 

Templated products may have regular, ordered structures that exhibit controlled crystallinity and size, but 

can also form superstructures that extend beyond these fundamental patterns.20–23 For example, the beautiful 

and delicate skeletons of glass sponges are superstructures of crystalline silica, produced by silicateins in 

an interplay with sillafins, silintaphins, and others. Cnidaria, porifera, and diatoms also frequently display 

these intricate structures.7,23,24 

Biomineralization with silicatein: A route for materials synthesis  

Common nanoparticle synthesis techniques require toxic reactants and high temperatures while also 

producing toxic byproducts.25,26 These processes require highly trained workers, and are dangerous and 

costly. Synthetic biology presents a greener, safer alternative for nanoparticle synthesis via genetic and 

protein engineering.  Silicatein, named for “silica protein”24 is a protein native to marine sponges that 

transforms ambient silica salts to silica oxide.27  Previous work shows that silicatein retains 

biomineralization activity as a single enzyme,28 making it a promising candidate for the production of 

nanoparticles with a simple reactor-based system, with basics as shown in Figure 1. Current colloidal-batch 

synthesis of monodisperse particles via a reactor- based system presents several heat and mass transfer 

limitations associated with crystal nucleation and growth.29 However, this continues to be an industrially-

relevant goal, for which the precision of protein- mediated biomineralization is promising.5 
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Figure 1. Comparing current nanoceria production with silicatein production in two cases. Estimates 
made for theoretical bioreactor size, TF-silicatein concentration, and Vmax and Kcat for TF-silicatein with ceria. 
Notably, to produce 2,000 L of 2 uM TF-silicatein as proposed in this scenario, 500,000 L of recombinant E. 
coli cell culture would be necessary (calculation based on current experimental silicatein production). Cerion 
Nanomaterials and Toyota information from cerionnano.com and autodealertodaymagazine.com.  Figure made 
with Biorender.  

As noted above, silicatein is a biomineralization protein originally found in marine sponges. In the native 

sponge, silicatein mineralizes ambient silica species to form ordered silicon oxide nanoparticles, which 

ultimately make up the spicules and exoskeleton of the sponge.27 Here, biomineralization involves several 

proteins and molecules, and also occurs on a relatively long time-scale. With consideration to the slow 

growth of marine sponges, for which average growth rates of 0.1 mm2 per day are typical,30 slow enzyme 

kinetics are biologically sufficient. In order to harness and optimize the biomineralization activity of 

silicatein for applications such as nanoparticle synthesis, it is paramount to understand enzyme kinetics and 

function. An understanding of silicatein’s biomineralization mechanism will allow for optimization of 

enzyme activity.  

Previous work with silicatein shows several players involved in the biomineralization process, including 

silintaphins,31 silaffins,32 and silicatein which is then further subdivided into alpha, beta, and gamma 
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subunits.33 While other macromolecules do play a role in biomineralization in the native marine sponge, in 

vitro studies show that silicatein-alpha (henceforth referred to as silicatein, unless otherwise specified) is 

capable of mineralizing silica without other helper molecules (Figure 2). Work by Curran, et al., terms this 

activity as direct biomineralization – encompassing both the catalytic and bio-templating steps.28  

While the exact mechanism is still largely not understood, the leading theory for silicatein biomineralization 

stems from high sequence homology with enzyme Cathepsin L, a catalytic protease which has a unique 

catalytic triad motif. An analogous catalytic triad (S26, H165, N185) has been identified in silicatein as a 

probable mechanism.27,33–35 Several mutagenesis studies observe that mutation of the catalytic triad results 

in less biomineralization activity,33,35,36 however there is disagreement as to whether biomineralization is 

completely abolished.34,37 A confounding factor in these studies is the autohydrolysis of common precursor 

tetra-ethyl-orthosilicate (TEOS). TEOS can spontaneously transform to silicon oxide in the presence of 

water – therefore some background levels of product are formed regardless of enzyme biomineralization 

activity. Silica biomineralization measurements are convoluted further due to the innate low solubility and 

propensity for aggregation of silicatein.38,39 Furthermore, Cathepsin L produces similar amorphous particles 

to silicatein – and abolition of the catalytic triad residues still resulted in particle formation with either 

enzyme.34 An alternative mode of action based on surface-templated biosilification is suggested by 

Povarova, et al. and reasons that silicatein may direct structure of particle formation for a pre-hydrolyzed 

precursor compound.34 This hypothesis is supported by non-catalytic amorphous particle formation with 

collagen or glassin in marine sponges,20,40 as well as silica formation associated with short peptides.41  In 

the specific case of glassin, a distinct histidine, aspartic acid, and threonine peptide motif was identified as 

most impactful for silica formation – this corresponds with hypotheses that intrinsic disorder plays a key 

role to enable particle formation.40,42 An important distinction between the catalytic triad and intrinsic 

disorder theories may be the crystallinity of particles formed, i.e. does one mechanism primarily produce 

ordered nanocrystals as opposed to amorphous ones? Gebauer and Colfen suggest that protein-mediated 

biomineralization is distinctly a two-step process, where-in nucleation results in an amorphous particle 
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aggregate that secondarily undergoes a transition from amorphous to crystalline.19  According to this 

rationale, particles that stay amorphous are those that underwent quick solution supersaturation and particle 

precipitation19 – suggesting that the amorphous to crystalline transition depends on controlled reaction 

kinetics.  Although elucidation of silicatein’s biomineralization mechanism may be key to harnessing 

silicatein biomineralization for nanoparticle production, studies are limited in scope due to the enzyme’s 

poor solubility and propensity for aggregation.  

 
Figure 2.  Biomineralization with silicatein.  Enzymatic biomineralization with silicatein transforms an 
inorganic salt to an inorganic oxide.  In the case of native substrate, a silica salt species is transformed to 
silica oxide.  Figure utilizes PDB structure 6ZQ3. 

 

A 2012 study strived to circumvent the solubility problem by cell-free recombinant protein expression 

directly onto a solid microbead surface.43 After library generation via DNA shuffling (shuffling partners 

silicatein-alpha and silicatein-beta), each microbead was effectively associated with an isogenic silicatein 

mutant. The functional silicatein mutants identified in this work conserved the putative catalytic triad 

residues, and researchers noted a high number of non-functional truncated mutants.43 Additionally, other 

researchers report mineralization with silicatein fixed to a solid surface, producing particles of 200-300 nm 

in the span of an hour.44 Interestingly, 200-300 nm particles are 100x larger than the 2 nm particles produced 

6ZQ3 

Enzymatic biomineralization 

Inorganic salt Inorganic oxide 
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by silicatein in solution. Thus far, the mechanism of silicatein remains unclear, and the general consensus 

within the field looks to increasing protein solubility and stability in an effort to clarify mechanistic studies.  

A popular approach to improve silicatein solubility includes the addition of a fusion protein. Solubility 

fusion proteins are proteins that are physically linked to the protein of interest to increase stability and/or 

solubility.45,46  In 2017, Dakhili et al. made silicatein fusions with glutathione-S-transferase, thioredoxin, 

small ubiquitin-like modifier, maltose binding protein, and trigger factor. The trigger factor fusion was 

identified as highest expressing and most soluble, the other fusions were discarded.37  Sparkes, et al. 2020 

explored trigger factor silicatein further to establish optimal buffer conditions and purification (yields 

umol/L), followed by tertiary structure and activity.47 Although TF-silicatein has been the gold-standard 

within the silicatein realm, there is still considerable room for improvement, as often the protein aggregates 

to form insoluble bodies within several hours.39,47,48 

Green fluorescent protein (GFP) is another common protein fusion partner, often improving solubility of 

the protein of interest,45 however few studies have made a GFP-silicatein fusion. Oguri et al., confirmed 

functionality of GFP-silicatein for silica formation, and utilized fluorescence microscopy to examine 

association of the protein and particles. The particles formed were approximately 100 µm aggregates, with 

detectable levels of GFP fluorescence within, which researchers concluded indicates incorporation of the 

protein within the mineralized structure.48  

While the current state-of-the-field includes a widespread understanding of silicatein’s tendency for 

aggregation, there is still no clear solution. As described above, mechanistic and kinetic studies are 

controversial and limited. An understanding of silicatein aggregation as related to biomineralization activity 

is fundamentally necessary to move forward to mechanistic and kinetic studies. In Aim I, I address silicatein 

insolubility and aggregation and show the relationship with biomineralization activity, then probe enzyme 

mechanism and kinetics.  
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Rare Earth Element Background  

Elements in the Lanthanides group, such as ceria, lanthanum, and neodymium are considered rare earth 

elements (REEs) and are found in low concentrations throughout the earth’s crust. When identified, the 

secondary challenges become separation from contaminants, and finally separation from each other.  

REEs are valuable for their optical, electronic, and magnetic properties. They are ubiquitous in our everyday 

lives; commonly found in lenses, batteries, magnets, and computer disks; fundamental to the function of 

our phones and cars, as well as commonly used in petroleum refinement.49  According to a U.S. 2022 

Minerals Commodities Report, $160 million of REEs were imported to the U.S. in 2021, more than a $100 

million increase from 2020.50 

Although REEs are of increasing demand, China controls between 60 to 95% of in-ground, available REE 

deposits.49,51,52  This is in part due to the economic feasibility of extracting REEs in China, where they occur 

as “ion-adsorption clay deposits.” These clay deposits form following years of rainfall, leaching, and 

accumulation and are easy to reclaim with relatively neutral treatments and low-cost labor.49  Carbonatites 

and alkaline igneous rocks are other sources with relatively high levels of REEs. In short, carbonatites are 

carbonate-based rock formations and alkaline igneous rocks feature an overabundance of alkaline elements, 

such as sodium and potassium.51  REEs are soluble at extremely high temperatures in the mantle, forming 

insoluble precipitates as temperature and pressure drop. Furthermore, REE enrichments are localized to 

carbonatites and alkaline igneous rocks likely due to ionic interactions and instability, although this has not 

been proven.51  Regardless, REEs are difficult to isolate from carbonatites and alkaline igneous rocks, with 

the current state-of-the-art techniques including acid/base solvent extraction and various hydrometallurgy 

techniques.53 Although mining is traditionally used to source metals, the increasing use and subsequent 

disposal of these metals is leading to great accumulation in waste streams.  
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Waste streams such as acid-mine drainage or e-waste can be a secondary source of REEs with selective 

extraction techniques. The conventional approach to REE recovery from waste streams looks to leaching 

with strong acids or bases, with microbial bio-leaching emerging as a potential alternative.54 The synthetic 

biology toolkit has been expanded to include microbial consortia and bio-degradation approaches.55  

Although this is an area of active study, there remains an immediate need for green, cost- effective REE 

extraction and separation techniques.54 

Biomineralization with smCSE: rare earth element reclamation from complex waste streams  

smCSE (Stenotrophomonas maltophilia cystathionine gamma lyase) is a biomineralization enzyme 

identified from soil samples.56 Since 2017, homologous proteins have been identified in pedobacter,57 

raoultella,58 pseudomonas,59 treponema,60  and acidithiobacillus.61 Previous work shows smCSE 

mineralization activity produces cadmium sulfide quantum dots, as well as zinc and lead sulfide, with 

particle formation induced by H2S generation.62,63 Interestingly, smCSE also produces CdSe, likely through 

H2Se production, in an analogous mechanism with H2S generation.64 

Unlike silicatein, smCSE is easy to produce via recombinant protein production in E. coli and thus has been 

characterized more thoroughly. Wang, et al. 2021 show smCSE is functional as a tetramer modulated by 

interactions between extended loop domains and suggest that smCSE structure directly impacts 

biomineralization.63 Human cystathionine gamma lyase (hCSE) and smCSE share 90% sequence identity, 

both producing H2S, however hCSE does not show quantum dot generation activity.63 Although hCSE does 

not produce quantum dots, it is known to be crucial in biomineralization of bone, with diseases like 

osteoporosis correlating to reduced expression of hCSE.65 The quantum dot generation function of smCSE 

suggests that smCSE has unique features and that H2S production alone does not result in biomineralization. 

Wang et al. 2021 identified four non-conserved surface regions in smCSE, thought to be involved in 

substrate binding.63 With point mutations to the innocuous side-chain alanine, absorbance spectra showed 
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little to no CdS production, from which researchers concluded that these four regions are necessary for 

substrate binding and quantum dot production.63  

Pyridoxyl 5’ phosphate (PLP) is a necessary cofactor for cystathionine gamma lyases – and has been shown 

to also be necessary for quantum dot production with smCSE. Without PLP, H2S production stops, and 

biomineralization does not occur.66 Analysis of smCSE crystal structures in the PLP-bound and unbound 

states, reveal there is no corresponding conformational change associated with PLP binding.63,66 In contrast, 

unpublished work (Mahanta, Acharya, Berger) investigates possible conformational changes associated 

with exposure to the cadmium precursor to interrogate smCSE interaction with the metal biomineralization 

substrate. With this approach, Mahanta, Acharya, Berger identify histidine at positions 49 and 351 (H49, 

H351) as directly involved with cadmium ion binding. In Aim 2, I examine the role of H49 and H351 in 

substrate binding via a directed mutagenesis approach followed by subsequent biomineralization activity 

assessment. These experiments will inform the use of smCSE as a potential mineralizer of REEs, and 

subsequent applications in REE extraction.  

Identifying microbes and proteins compatible with the harsh conditions associated with rare earth 

elements. 

Rare earth elements (REEs) are in 0.0017% relative abundance to other elements within the earth’s crust,51 

which can be considered analogous to salt and pepper on a salad. Thus, recovering REEs can be likened to 

picking individual grains of salt and pepper from the salad. REEs are both difficult to identify and extract, 

and precision and selectivity are key. To identify sources of REEs, a field sampling must be collected, then 

sent for analysis with inductively coupled plasma mass spectroscopy (ICP-MS), or inductively coupled 

plasma optical emission spectroscopy (ICP-OES) which are techniques that are expensive, destructive, and 

require user expertise. If REEs are identified in viable amounts, then extraction and recovery requires harsh 

solvents, is time-intensive, and yields very little. Overall, current REE identification and extraction methods 

are costly, time-intensive, and inefficient.  
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One complicating factor in the identification of REEs is encapsulation in bitumen. Bitumen is an oily, tarry, 

substance found with coal made up of mostly polycyclic aromatic hydrocarbons (PAHs) and short chain 

hydrocarbons.67 In the salad analogy, bitumen can be represented by salad dressing. REEs encapsulated in 

bitumen are like salt particles covered in a glob of dressing – difficult to identify and extract. Acid digestion 

has been used to treat bitumen and collect samples for ICP-MS, yielding some levels of cerium, lanthanum, 

and neodymium.68 However, acid digestion is both hazardous and environmentally harmful, and ICP-MS 

remains expensive and destructive. For Aim 3a, I explore a biological approach to bitumen degradation 

based on selective identification of microbes from bituminous conditions. I then evaluate these microbes 

for biomineralization activity (Aim 3b), with the rationale that bitumen and metal species are both prevalent 

in the native environments of these species, and therefore both bitumen-degradation and biomineralization 

behavior would confer greater species survival.  Combined bitumen degradation and biomineralization 

qualities are promising for future e-waste recovery utilizing biometallurgy techniques (Fig. 3).   
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Via techniques similar to those discussed in 3a and 3b, researchers in Spain identified a purple acidophilic 

protein, LigFa.69 For Aim 3c, I plan to investigate iron-binding LigFa as an optical indicator for REE 

detection. An ideal REE field-use biosensor will be sensitive (able to detect low levels of REEs), specific 

(able to discriminate REEs vs. non-REEs), and functional in acidic conditions (as in acid mine drainage). 

Lanmodulin, a metal-binding protein from methylotrophic bacteria, has been pioneered by the Cotruvo 

group at Pennsylvania State University as an REE biosensor.70,71 Lanmodulin has specificity for REEs and 

Figure 3.  E-waste recycling includes physical/mechanical pre-treatment 
then traditional manufacturing techniques utilize pyro and hydrometallurgy 
to recover metal mixtures.  In the future, biometallurgy techniques are 
promising for isolating concentrated and purified metal mixtures.  Figure 
made with Biorender. 
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picomolar binding affinity. However, lanmodulin conjugation to a FRET-sensitive group, forming the 

biosensor LaMP1, is limited to neutral pH conditions and is susceptible to non-specific binding.70 (Note: 

another Lamp1 protein for biomineralization of lanthanides has been identified, with similar drawbacks.)72 

With consideration to LaMP1, Featherston et al. speculate that stability in acidic conditions is crucial for 

the success of an REE biosensor, and therefore seek to add optical properties to lanmodulin to contribute 

synergistically with REE intrinsic luminescence.70 While the works with lanmodulin are promising, it is not 

being widely used as a biosensor. Accordingly, I examine LigFa as an alternative biosensor, with the 

foundation that the protein is tolerant to acidic conditions.  

Harnessing photosynthetic cyanobacteria for a carbon-negative biomanufacturing approach 

Biomanufacturing with silicatein is a promising pathway for enzyme-mediated nanoparticle production as 

well as rare earth element recovery.  While an enzyme-mediated approach is more environmentally friendly 

than current nanoparticle production techniques, recombinant production of silicatein in E. coli is imperfect.  

Yeast and cyanobacteria are well-established chassis in biotechnology for genetic and protein 

engineering.73–75  Both yeast and cyanobacterial systems are capable of implementing post-translational 

modifications,76 which can aid in the solubility and stability of the target protein.  Furthermore, 

cyanobacteria perform photosynthesis as part of their endogenous metabolic processes, which makes them 

attractive from a resources standpoint – less carbon needs to be added as sugar since cyanobacteria utilize 

CO2 for their carbon source.77  As cyanobacteria consume CO2 via photosynthesis, they produce oxygen.  

The consumption of greenhouse gas and production of oxygen is an attractive bonus for implementing 

recombinant protein in cyanobacteria.  In this way, biomanufacturing can be made to be carbon-negative.73   

 

Another attractive quality of cyanobacteria is the diversity of strains and environmental adaptations.73,74  

There are thousands of cyanobacterial strains that have unique adaptations for austere environments, which 

may be promising for applications to waste streams such as acid mine drainage and e-waste.  While acid 

mine drainage and e-waste are two examples of austere conditions for biological applications on earth, 
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cyanobacteria have also shown promising survival in outer space.78–81 The value of cyanobacteria in 

biotechnology increases significantly with possibilities for application in outer space, as yeast and E. coli 

do not seem to be good candidates for the associated austere conditions.  Here, our primary goal is to 

translate silicatein recombinant expression to cyanobacteria for a carbon-negative biomanufacturing 

approach with the added benefit that implementing a cyanobacterial expression system has far-reaching 

potential.  All cyanobacteria work described here was done at the Life Sciences Research Center of the 

United States Air Force Academy. 

 

Engineering biosilicification for biocementation applications 

In majority of this work, silicatein engineering is targeted towards REEs for materials manufacturing and 

critical mineral extraction applications, however, silicatein biomineralization with native substrate silica 

may be promising to address another geobiological challenge.  Both erosion and increasing levels of 

greenhouse gases can be tackled with biocementation.  Biocementation is the biomanufacturing of cement 

which is most commonly achieved via microbially induced calcite precipitation (MICP).  MICP harnesses 

the ureolytic properties of select microbes to break down urea for the production of ammonium and 

carbonate ions (in stable forms:  ammonia and carbonic acid).  In soil, carbonate ions then react with calcium 

cations yielding a solid calcium carbonate precipitate.  Calcium carbonate precipitate functions to “cement” 

soil or sand particles together.   

 

MICP with ureolytic S. pasteurii has been extensively studied for erosion mitigation, historical 

preservation, building, and construction applications.82–87  A major drawback to MICP is the production of 

ammonium and carbonate ions and their longevity in the environment.  Excessive ammonia can cause 

environmental harms such soil toxicity and eutrophication.88,89  Thus, in an effort to mitigate erosion, MICP 

inadvertently contributes to pollution.  Another drawback to MICP is the significant amount of added 

calcium required – with some studies reporting up to 28 w/v% added calcium necessary.90–92  

 



 30 

For field applications spray, trench, and wicking techniques are used.93  To achieve sufficient coverage with 

spray solutions, all vegetation is cleared from the treatment area prior to MICP application.93  The 

challenges associated with this are two-fold:  first, vegetation plays a key role in mitigating erosion, 

therefore if vegetation needs to be removed to apply erosion control via MICP the benefits are accompanied 

by significant costs, and second, if vegetation is left intact, the high levels of ammonia and carbonic acid 

produced via MICP may negatively impact plant health.  Following several successive treatments the 

laboratory-scale challenge of column “clogging” manifests as the formation of surface crusts.93 

 

Overall, although biocementation via MICP has been the subject of many studies, there are several areas 

for improvement.  Here we propose a biocementation pathway via biosilicification, where-in surface-

displayed silicatein biomineralizes the naturally abundant silica species in soil or sand (Fig. 4).94–96 With 

this strategy, the need to add significant amounts of substrate is eliminated.  Furthermore, biosilicification 

with silicatein does not produce ammonia and carbonic acid by-products, eliminating further environmental 

pollution as a byproduct of the process.   

 

In our collaboration with the United States Air Force Academy, biocementation via biosilicification is 

further motivated by the possibility of applications in space.  Space exploration and colonization is currently 

limited by transportation costs, with simplified estimates from NASA concluding that each added kilogram 

of cargo launched into low earth orbit has a cost of $4,990.97,98  With this in mind, we can estimate the cost 

of sending 20,000 kg of concrete (enough for a 1,000 sq ft building) into space as $100 million.  The calcium 

chloride required to perform MICP for 20,000 kg of Martian soil substrate is roughly 5,600 kg resulting in 

a cost of $28 million.  These estimates are low – as the cost of launching cargo to Mars will be greater than 

the cost to launch into low earth orbit – and simplified, as additional materials are required to activate 

concrete and additional materials (bacterial cultures, urea, etc.) are required for MICP.  Nonetheless, these 

estimates provide some perspective on the extreme costs of building in space and motivate the need for less 

expensive alternatives.    In situ resource utilization (ISRU) describes the practice of using resources that 
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are naturally occurring at a given site for the desired applications.99  In the case of Mars, martian regolith 

is the naturally abundant “sand” covering the surface of the planet and is composed of approximately 60% 

silica species.100  Applying a biocementation via biosilicification strategy here, with ISRU principles of 

martian regolith as silica source has the potential to enable building in space.   

 

  

Figure 4. A comparison of MICP with S. pasteurii and the proposed mechanism for biocementation via 
biosilicification with E. coli INP-silicatein. Soil particles are initially unbound and have minimal 
compressive strength. A) MICP with the addition of S. pasteurii, urea, ammonium chloride, and calcium 
chloride leads to calcium carbonate precipitation, cementing particles together. Additional treatments lead to 
additional particle “growth.” B) Addition of E. coli INP-silicatein leads to the polymerization of silica 
species, forming bridges between particles and “growing” aggregate size. Further treatments strengthen these 
connections by inducing further polymerization.  Figure made with Biorender.   
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Chapter 1:  Understanding the biomineralization mechanism and kinetics of silicatein  

*Portions of this work are described in manuscript “Understanding the relationships between solubility, 

stability, and activity of silicatein” and “Directed evolution of silicatein reveals biomineralization 

synergism between protein sequences” 

 

Key Findings 

• Silicatein biomineralization activity is not impacted by fusion partner 

• Directed evolution with survival-based selection for silicatein leads to genetic mosaicism 

• Truncated silicatein mutants retain biomineralization activity 

• Silicatein tolerates a multitude of sequence changes yet retains biomineralization activity 

• Low-complexity intrinsic disorder within the polyS region is not the sole mechanism for 

biomineralization activity 

• Most single site-directed mutagenesis does not result in significant changes to ceria 

biomineralization activity 

 

Silicatein may be a valuable biosynthetic tool for nanoparticles at an industrial scale, but thus far has been 

hindered by solubility and kinetics.  In order to address silicatein solubility and activity, I aim to 1a) improve 

silicatein solubility via addition of eGFP-fusion tag, 1b) perform directed evolution of silicatein to highlight 

important domains/motifs for biomineralization while creating a more efficient enzyme, and 1c) manipulate 

intrinsically disordered regions in silicatein to promote biomineralization. 

 

Aim 1a 

Hypothesis: Improved silicatein solubility via addition of an eGFP fusion tag will lead to increased 

biomineralization yields. 
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Approach: Silicatein solubility has been a challenge throughout the field since the enzyme’s discovery in 

marine sponges in 1999.27 A variety of silicatein fusion proteins have been produced, although the most 

soluble to date is Trigger Factor silicatein (TF-silicatein), which can be produced in micromolar quantities.47 

 

In order to further study the mechanism and kinetics of silicatein, a variant with improved solubility and 

stability would be ideal.  I hypothesized that increased enzyme solubility is crucial to improve overall 

reaction kinetics, thus resulting in greater biomineralization.  Improving enzyme solubility is a common 

first approach in protein engineering for increasing enzyme activity.  In a scenario where substrate 

concentration is in great excess, enzyme solubility is a target property for optimization.  With greater 

enzyme solubility, the overall yield of a target compound will also increase.101,102 Here I selected eGFP as 

a fusion tag to improve solubility and stability, as well as confer a visible signal indicative of protein 

stability, as previously illustrated by Waldo, et al.45 With an eGFP solubility tag, fluorescence would be 

indicative of proper silicatein folding and would therefore suggest available enzyme activity.45 

 

Strategies and Results: 

TF-silicatein and eGFP-silicatein were produced side-by-

side via recombinant protein expression in E coli and 

purified via immobilized metal affinity chromatography.  

For eGFP-silicatein, fluorescence intensity was noted from 

production within the cell to purification, with varying and 

limited results.   

 

Following purification, I characterized TF-siliicatein and 

eGFP-silicatein with SDS-PAGE, Native PAGE, and 

biomineralization activity assays.  For TF-silicatein, SDS-

PAGE results were consistent with previous works, with a 

Ladder      2.        3.  

75 kDa 

Figure 1A-1. SDS-PAGE for purified 
silicatein fusions. 2. eGFP-silicatein (52 
kDa) and 3. TF-silicatein (75 kDa).  GFP-
silicatein sample exhibits a prominent band 
at approximately 25 kDa, identified by mass 
spectrometry as chaperone DnaK binding 
domain.   

50 kDa 
37 kDa 

25 kDa 
20 kDa 
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prominent band at 75 kDa (Fig. 1A-1).  As shown in Figure 1A-1, eGFP-silicatein does not appear at the 

expected MW of 52 kDa but does show a prominent secondary protein at ~26 kDa.  Mass spectrometry was 

used to identify this protein as E coli chaperone DnaK, whose binding domain is 26 kDa.  The over-

production of DnaK suggests that eGFP-silicatein is very difficult to fold and therefore requires extra help 

from chaperones.103 Although eGFP fluorescence was intended to serve as an optical indicator of eGFP-

silicatein, purified eGFP-silicatein does not exhibit notable fluorescence. However, while no fluorescence 

was evident, biomineralization activity was intact.  Work by Martinez-Alonso et al. notes that GFP 

quenching occurs in the presence of high levels of DnaK.104 Since eGFP was selected as a fusion partner in 

part for fluorescence to serve as a signal of protein folding, this is a significant event to note.   

 

 eGFP-silicatein quaternary structure was analyzed via native PAGE, which shows the full size of the folded 

protein structure.  Purified eGFP-silicatein was seen at ~150 kDa (Fig. 1A-2), which points to 

oligomerization of the eGFP-silicatein monomer.  TF-silicatein appears at approximately 75 kDa, which is 

true-to-size for the monomer.  A special monomeric GFP variant (msGFP2) was introduced to examine if 

oligomerization is silicatein-driven or eGFP-driven.  msGFP2-silicatein appeared at ~150 kDa like eGFP-

silicatein, suggesting that oligomerization is silicatein-driven.  Disulfide bonds were reduced and blocked 

to highlight their contributions to oligomerization activity:  eGFP-silicatein increased in size from 150 kDa 

to 250 kDa, msGFP2-silicatein decreased from 150 kDa to 100 kDa, and TF-silicatein increased in size to 

approximately 150 kDa.  When disulfide bonds are disrupted, silicatein oligomerization is influenced more 

significantly by hydrophobic properties and fusion partner. 

 

Furthermore, the biomineralization activity of the eGFP-silicatein oligomer was confirmed via a specially 

designed native page assay, wherein the gel is incubated in ceria ammonium nitrate precursor compound 

and then imaged to view ceria conglomeration corresponding with the eGFP-silicatein oligomer band 

(Supplemental Fig. 1).  
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In order to compare activity between silicatein fusions, biomineralization assays for TF-silicatein and 

eGFP-silicatein with commonly used precursor tetra-ethyl orthosilicate (TEOS) were conducted side by 

side.  TEOS is a popular precursor compound because it reflects activity with native silicon-containing 

substrates, effectively reproducing biosilification with marine sponges.  Via quantification with a 

colorimetric silicomolybdate assay, TF-silicatein and eGFP-silicatein produced comparable levels of silica 

to each other.  It should also be noted that biomineralization yields for TF-silicatein here are comparable to 

those reported in other works, but nanosilica production it still very small (<0.04%).47,47,48 Although these 

experiments with TEOS biomineralization reflect literature results, biomineralization with TEOS is 

convoluted by TEOS autohydrolysis and overall low biomineralization yields.  Analyzing improvements 

and changes to biomineralization yields this low would thus require very precise and specific 

experimentation.  However, Curran, et al. show silicatein biomineralization with ceria ammonium nitrate 

as precursor.28 Ceria ammonium nitrate is highly water soluble, has limited auto-hydrolysis, and 

biomineralization to ceric oxide produces an insoluble precipitate.105 Furthermore, biomineralization with 

Figure 1A-2.  Silver-stained Native PAGE gel shows in vitro protein interactions.  1) eGFP-silicatein, 2) msGFP2-
silicatein, and 3) TF-silicatein under native conditions.  The same gel is shown in color to allow for easier viewing 
of the TF-silicatein band.  4) eGFP-silicatein reduced with BME and thiol-blocked, 5) msGFP2-silicatein reduced 
with BME and thiol-blocked, 6) TF-silicatein reduced with BME and thiol-blocked.  Yellow asterisks highlight 
the approximate locations of non-reduced protein bands, for easy reference.  

20 kDa 

66 kDa 
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242 kDa  

20 kDa 
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Ladder        1.        2.             3.                          Ladder          1.        2.            3.   Ladder    4.              5.              6.    

*      * 
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ceria shows much greater yields than biomineralization with silica, and therefore presents as a more 

favorable platform for comparing biomineralization efficiencies between fusion proteins. A comparison of 

silica and ceria mineralization is shown in Fig. 1A-3, each measured via colorimetric assay.   

 

 

 

Biomineralization of ceria ammonium nitrate to nanoceria was characterized with x-ray diffraction with no 

obvious differences in crystallinity of nanoceria produced by the different silicatein fusions (Supplemental 

Fig. 2). Furthermore, with quaternary structure of silicatein fusions disrupted and blocked (disulfide 

bridges, as in Fig. 1A-2), no changes were observed in nanoceria produced. 

 

 

   Mineralized Silica Recovery       Mineralized Ceria Recovery       

Figure 1A-3.   Biomineralization of silica and ceria with silicatein fusions.  Silica recovered following 
biomineralization with eGFP-silicatien and TF-silicatein was quantified between 0.005 and 0.04%.  
Biomineralization with ceria allows for much greater percent recovery, in the 20-40% range. Two-way 
ANOVA, p values  **<0.001,***<0.0002,  ****<0.0001 
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Summary 

The addition of an eGFP fusion tag to silicatein did not improve enzyme solubility or biomineralization 

yields.  However, via a specialized native PAGE analysis, I identified an eGFP-silicatein oligomer at 150 

kDa that interacted with ceria, from which I postulate that this interaction is representative of 

biomineralization activity.  Silicatein oligomerization is mediated in part by intra- and intermolecular 

disulfide bridges, with fusion proteins contributing a limited role.   

 

Traditional biomineralization assays with TEOS highlighted constant biomineralization activity, even 

though the fusion did not improve stability or solubility.  Although silica is the native substrate/product of 

silicatein biomineralization, analysis with silica experiments is limited due to poor solubility and 

autohydrolysis.  Here, I measured biomineralization activity with ceria, followed by quantification with an 

arsenazo-III colorimetric assay.  Experimentation with ceria instead of silica allows us to evaluate changes 

at a larger scale, requiring less precise quantitation for analysis (i.e. the difference between 10 and 20% is 

easier to observe than the difference between 0.01 and 0.04%).    

 

From this work with silicatein fusion tags, I conclude that any desired improvements to biomineralization 

need to be accomplished via intrinsic manipulation of the enzymes – understanding enzyme mechanism, 

kinetics, role of domains / motifs.  Intrinsic manipulation of silicatein is described in Aim 1b and 1c. 

 

Publication:   Vigil, T. N.; Rowson, M.-J. C.; Frost, A. J.; Berger, B. W. Understanding the Relationships 

between Solubility, Stability, and Activity of Silicatein. Mater Adv 2023, 4 (2), 662–668. 

https://doi.org/10.1039/D2MA00938B. 
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Aim 1b 

Hypothesis:  Directed evolution to form a silicatein mutant library, screened for survival to ceria will 

highlight important roles of domains/motifs for biomineralization activity.   

 

Approach:  Little is understood about how silicatein’s structure and sequence impact enzyme function, 

severely limiting rationale-based protein modifications.  Accordingly, a random mutagenesis approach was 

chosen for directed evolution.  I generated a silicatein library via error-prone PCR with dNTP analogues, 

followed by survival screening in BL21 E. coli exposed to toxic levels of ceria.  Error-prone PCR with 

dNTP analogues can have a rate of up to 20% mutagenicity,106 which is favorable since I want to generate 

a huge variety of random mutants.    The screen is based on survival to toxic levels of ceria ammonium 

nitrate (CAN), a precursor compound for silicatein biomineralization.  Survival to high concentrations of 

CAN is indicative of protein function: biomineralization of toxic ceria to insoluble and non-toxic nanoceria 

will save the cells, therefore I selected mutants that conferred survival to otherwise toxic levels of ceria.  

The selected mutants were then sequenced and characterized. 

 

Strategies/Techniques:   

Design of screen 

The library screen was designed with rationale that CAN is toxic to E. coli, however, when biomineralized 

via silicatein the non-toxic nanoceria product will result in E. coli survival.  This screen was first designed 

with the eGFP-silicatein fusion protein, with rationale that GFP would serve as a fluorescent indicator of 

silicatein presence and efficacy.  I established critical concentrations of CAN toxic to BL21 E. coli for two 

cases:  pet28 vector only, and pet28 vector with eGFP-silicatein.  BL21 E. coli with pet28 plasmid vector 

allows for T7 transcription of the protein and subsequent high production,107 so the pet28 eGFP-silicatein 

condition will have high levels of protein.  With the zero CAN dose, the vector only and silicatein conditions 

had the same CFU.  At low CAN (0.6 mM), the vector only cells had higher survival than cells with 
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silicatein.  This finding is consistent with previous 

reports that low levels of rare earth elements 

actually confer greater survival to cells by 

disrupting the membrane sufficiently to allow 

additional nutrient uptake.108 However at high CAN 

(1.25 mM and above), pet28 eGFP-silicatein 

conferred greater survival than the pet28 vector only 

condition, as exhibited with 2x CFU (Fig. 1B-1).  

Here, 1.25 mM is the critical concentration for 

which silicatein confers greater survival, and therefore the threshold for success in our survival assay.  There 

are reports of CeO2 toxicity to E coli,109 however, nanoceria toxicity via our survival screen protocol was 

examined, with CFU not impacted by nanoceria (Supplemental Fig. 3).  These results support our 

hypothesis that E coli survival will be indicative of silicatein biomineralization.  

 

Although the eGFP-silicatein fusion protein did not exhibit improved solubility, I hypothesized that the 

eGFP-silicatein fusion protein would allow for quick screening of our library mutants via GFP fluorescence, 

with the rationale being that GFP fluorescence is indicative of increased mutant stability.  Noting that DnaK 

quenches GFP fluorescence, this rationale can be extended to increased GFP fluorescence indicative of less 

DnaK overexpression, and therefore an easier to fold protein. As a preliminary sweep, library mutants that 

survived the high CAN condition were grown in autoinduction media overnight, then read for fluorescence 

(Fig. 1B-2). Sequencing of these mutants revealed that high GFP performance is not indicative of greater 

mutant stability, in fact high GFP fluorescence was often associated with no silicatein presence. High GFP 

fluorescence in the absence of silicatein is consistent with overexpression of DnaK (due to silicatein 

folding) resulting in fluorescence quenching.  Therefore, the absence of silicatein results in the absence of 

DnaK and then high GFP fluorescence.  These findings show that there are no fluorescence associated 
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Figure 1B-1.  BL21 E coli survival following 
ceria exposure.  Conditions are with eGFP-
silicatein, and without.   
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benefits to using eGFP-silicatein as opposed to TF-silicatein for library generation and screening.  

Therefore, GFP fluorescence will not be used as an additional selection mechanism for our screen.  

 

 

Instead, moving forward, TF-silicatein is used as the template for library generation in combination with a 

CAN toxicity/survival-based screen.  TF-silicatein confers greater survival to E coli than a vector only 

control, with TF-silicatein mutants showing additional increased survival (Fig 1B-3). 
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Figure 1B-2.  GFP fluorescence for library screening.  Samples with greater fluorescence than the 
WT were hypothesized to be eGFP-silicatein mutants with greater solubility and stability.  D9 was 
a previously identified eGFP-silicatein mutant.  Sequencing showed #10 and #15 were GFP without 
silicatein, and #5 as an eGFP-silicatein mutant.   
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Library generation 

Previous work by Bawazer, et al. (2012) implements directed evolution via DNA shuffling of silicatein 

alpha and silicatein beta.43  In the aforementioned work, only two full-length mutants were identified and 

in each the catalytic triad residues were conserved.  Many truncated silicatein mutants were also observed.  

Due to the inconclusive results surrounding the catalytic triad hypothesis, and with limited structure and 

function understanding surrounding silicatein, this work utilizes a random mutagenesis approach to directed 

evolution.  Directed evolution via random mutagenesis is an established approach to probe protein structure 

and function, with the ultimate goal of improving protein function.106 Error-prone PCR with dNTP 

analogues has up to 20% mutagenicity, which is significantly greater than other random mutagenesis 

Figure 1B-3.  Establishing toxic concentration of ceria ammonium nitrate.  E. coli with pet28 vector only, WT TF-
silicatein, and TF-silicatein library.  Notable differences in E. coli survival occur at 2.5 mM ceria ammonium nitrate, 
boxed in red.  A closer view of 2.5 mM ceria ammonium nitrate is shown, with 33, 45, and 288 colonies at pet28 
vector only, WT TF-sil, and TF-sil library respectively.   

Ceria Ammonium Nitrate Concentration 
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techniques.106  Basic PCR amplification mathematics, accounting for error-prone conditions, estimates a 

total library of 1x106, with 9.85x105 full length mutants and a mean number of amino acid changes of 3 per 

mutant.110 

 

Sequencing and characterization 

Common wisdom in microbiology suggests that each 

colony will be isogenic, however, recent studies have 

shown that co-transformation events, where-in 

multiple different plasmids co-exist within the same 

colony are more common than previously supposed.  

Works by Goldsmith, et al. and Tomoaiga et al. 

highlight the little known prevalence of multiple 

transformation events, contrary to the widespread 

myth that a single bacterial colony is isogenic.111,112  

These works note that up to 11 different plasmids 

may be expressed within a single colony, and suggest 

two different approaches to mitigate these 

occurrences:  1)  transform very small amounts of 

DNA (ng), and 2) iterative clone isolation.111,112 

Goldsmith, et. al report that with 50 ng of DNA there 

is less than 0.1% occurrence of double or multiple 

transformations.111  In this work, a maximum of 12.5 

ng were transformed each time, so the probability of 

double transformations randomly occurring is less 

than 0.1%.  If a preventative approach to avoid 

Figure 1B-4. Expected and alternative 
outcomes of the experimental procedure 
surrounding directed evolution with 
recombinant silicatein are shown.  The expected 
outcomes are consistent with traditional 
microbiology wisdom.  Alternative scenarios 
have been documented in literature, however, 
remain rare.  The three potential outcomes 
following interative clone isolation are shown, 
with 1 and 2 being one set of DNA associated 
with each colony, and 3 showing multiple sets 
of DNA coinciding.  Figure made with 
Biorender. 

1                         2                                     3 
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multiple transformations is not effective, iterative clone isolation can be used to disentangle the many 

plasmids present.   

 

The different scenarios for co-transformation are shown in Figure 1B-4.  In one scenario, cells within a 

colony contain different DNA, however each singular cell contains only one set of DNA.  In this case, DNA 

can be isolated via iterative clone isolation.  In another scenario, each cell within a colony contains multiple 

sets of DNA.  Here iterative clone isolation will not enable the separation or isolation of a single set of 

DNA.  For practical purposes, this means that with DNA isolation there will be multiple plasmid sequences 

and therefore Sanger sequencing will generate multiple results.  The abundance of results makes a singular 

sequence difficult to identify, and with repeated sequencing attempts, multiple sequences will result.    

 

In most libraries, after selection and sequencing, sequence alignments can be interpreted looking for 

common trends within the library associated with specific outcomes.  However, the multiple sequences that 

result with each mutant makes this difficult to do, with the potential to confound results.  With consideration 

to our library generation and screening procedures, I proceeded with iterative clone isolation.  In cases 

where multiple transformations result due to the conglomeration of multiple cells with a unique plasmid 

into a single colony (i.e. two cells each with a unique plasmid join to form one colony) iterative clone 

isolation will function to isolate a single unique plasmid (as shown in case 2, Fig. 1B-4). 
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With up to eight repeated rounds of iterative clone isolation, no singular plasmid was able to be isolated 

(all Supplemental Figures S.2B).  An 80% consensus is necessary to compare mutant families overall with 

WT TF-silicatein (Fig. 1B-5).  Failure of iterative clone isolation is consistent with case 3, where-in multiple 

plasmids were transformed into a singular cell resulting in the co-expression of multiple different proteins.  

In nature the co-expression of multiple versions of a single gene is known as genetic mosaicism.  

Interestingly, genetic mosaicism naturally results from somatic mutations – referring to cells in the 

reproductive system.113  Therefore, our library has artificially induced genetic mosaicism as a survival 

response.     

 

Studies of marine corals show genetic mosaicism as an adaptation to the changing environment associated 

with climate change.114,115  Our survival assay is similar to the evolutionary pressure of climate change, in 

the sense that survival is predicated on adaptation.  Some researchers postulate that this genetic variation is 

already present in some marine organisms, but does not become prominent without pressure.115  This is 

Figure 1B-5.  Sequence alignment for WT compared to >80% consensus sequences for 2.6, 2.7, and 2.8.  
Deviations from WT sequence are not colored.  Consensus with WT are colored according to ClustalX amino acid 
properties. “X” refers to non-specific amino acid. Catalytic triad residues are indicated with red arrows.     
Sequence alignments prepared with EMBL-EBI 2022.    

 



 45 

known as cryptic genetic variation, i.e. genetic variation is occurring in the background, preparing the 

organism for survival challenges but not apparent until those challenges occur.115  The mutant families 

associated with our library is the co-expression of each genetic variant that helps E. coli survive the 

otherwise toxic concentrations of ceria ammonium nitrate.   

  

It is also worthwhile to consider the variations of silicatein in nature amongst difference genus and species 

of sponges.  Supplemental Fig. S.1B-5 shows sequence alignments for silicatein from T. aurantia, H. 

okadai, L. baicalensis, P. ficiformis, and S. domuncula.  A direct comparison of protein sequences shows 

the lowest percent identity at 54% between T. aurantia and P. ficiformis, with a percent similarity of 71%.  

As silicatein from both T. aurantia and P. ficiformis are used for silica biomineralization in vitro, overall 

sequence flexibility is supported.  Interestingly, the catalytic triad residues are mostly conserved amongst 

silicatein from different sponges, which contributes to the attractiveness of the catalytic triad theory.  

Catalytic triad residues are mostly conserved in the library as well, with the exception of truncated mutants 

(Fig. 1B-5).  
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Figure 1B-6. A.  Ceria mineralization of wild-type and mutant TF-silicateins in whole cell lysates, normalized 
to the production of WT.  Each sample normalized by total protein concentration.  Additional details in Materials 
and Methods.   Two-way ANOVA, n > 2,  *** P<0.001, B. Specialized Native PAGE of wild-type and mutants 
2.6, 2.7, 2.8. correlating protein size with biomineralization activity.  Specific details in Materials and Methods.  
In both panels, whole cell lysate samples were normalized by total protein concentrations as determined by 
standard Bradford assay.    

N
or

m
al

iz
ed

 Y
ie

ld
 

WT  2.1  2.2  2.4 2.6  2.7 2.8  2.9  3.1 3.2  3.3  3.4   

A B 

Treated with Coomassie          Treated with CAN 



 46 

 

Biomineralization of ceria with whole cell lysates reveals significantly higher nanoceria yields with mutant 

2.6 relative to the WT TF-silicatein (p<0.001) (Fig. 1B-6).  Native PAGE analysis qualitatively shows 

greater biomineralization activity associated with 2.6 and 2.7 than with WT (Fig 1B-6).  Furthermore, 

Native PAGE reveals potential dimerization associated with the mutant, as biomineralization active proteins 

appear spanning between molecular weights of approximately 75 – 150 kDa.  These data are consistent 

with the anticipated biomineralization associated with silicatein mutants and suggests that mutant 2.6 has 

intrinsic properties that increase biomineralization. 

 

Mutants 2.6, 2.7, and 2.8 were examined further to compare overall protein expression to that of WT TF-

silicatein.  With an immunoblot targeting the hexa-histidine tag, cell lysates were normalized for total 

protein concentration via Bradford assay.  The 1x total protein concentration of TF-silicatein shows 

abundant signal, with no comparable associated with the mutants.  Two-fold serial dilutions of WT TF-

silicaetin at 1/2x, 1/4x, and 1/8x also appear to show more protein than with mutants.  The 1/16x dilution 

of total protein concentration in TF-silicatein appears to qualitatively match that of mutant 2.6, still 

exceeding 2.7 and 2.8 (Fig. 1B-7).  This illustrates significantly less recombinant protein expression 

associated with the mutants per total protein in whole cell lysate.  Combined with the cell lysate 

mineralization assays, this shows that greater mineralization is associated with less recombinant silicatein 

production, suggesting that the intrinsic biomineralization of silicatein mutants is fundamentally greater 

than that of the WT. 

 

Importantly, the SDS PAGE also shows significant DnaK expression associated with mutant 2.7, which 

qualitatively appears greater than in WT TF-silicatein and other mutants (Fig. 1B-7).  Increased DnaK 

expression suggests that there is additional difficulty associated with protein folding. In Aim 1a there was 

increased DnaK expression associated with eGFP-silicatein, however, despite the seemingly poor solubility 

and instability of the protein, biomineralization activity remained comparable to that of TF-silicatein as 
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shown in Figure 4.  Therefore, the increased DnaK expression associated with mutant 2.7 should not be 

considered as necessarily detrimental to protein activity.  In fact, the instability denoted by DnaK 

overexpression may contribute to biomineralization mechanisms stemming from alternative nucleation 

sites.  

 

Taken together, the whole cell lysate biomineralization data (Fig. 1B-6 A) and relative protein expression 

shown with dot blot (Fig. 1B-7) suggest that the intrinsic biomineralization activity of mutant 2.6 is high 

despite relatively low expression.  In other words, although mutant 2.6 is only made in small amounts, it 

has sufficient biomineralization activity to produce more nanoceria than the better expressing WT TF-

silicatein.  With this in mind, the whole cell lysate biomineralization data (Fig. 1B-6 A) and relative protein 

expression shown with dot blot (Fig. 1B-7) as applied to mutants 2.7 and 2.8 may also suggest high intrinsic 

activity associated with the mutants, in spite of low overall expression.  One caveat, however, is that the 

dot blot targets the hexa-histidine tag of the protein – for WT TF-silicatein there is a hexa-histidine tag 

preceding TF then immediately following silicatein.  For the truncated mutants this entails that the second 

hexa-histidine tag is not present and thus the mutant only has the hexa-histidine tag preceding the TF fusion 

L      WT         2.4  2.6   2.7    2.8    3.1   3.2     3.3    3.4               L  
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Figure 1B-7. A. SDS PAGE with whole cell lysates.  Anticipated molecular weight of TF-silicatein and mutants 
is 75 kDa, indicated by red arrow.  Anticipated molecular weight of DnaK chaperone protein is 26 kDa indicated 
by blue arrow.  B.  Immunoblot with whole cell lysates.  WT TF-silicatein dilutions are shown compared to 1x 
of mutants 2.6, 2.7, and 2.8.    
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protein.  Altogether, for a sample that has all post-silicatein hexa-histidine tags truncated we would 

anticipate only half the signal associated with WT TF-silicatein.  So although the expression visualized in 

the dot blot may be slightly skewed for the truncated mutants, the expression remains very low.  For 
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example, if mutant 2.6 has all post-silicatein hexa-histidine tags truncated the 1/16x expression should be 

adjusted to 1/8x expression relative to WT.   

 

These findings bring us back to the sequencing conundrum.  Since there is not a singular sequence 

associated with the enhanced biomineralization of mutants, it is impossible to attribute enhanced 

biomineralization properties with specific amino acid changes.  Instead, by setting an 80% consensus 

threshold, we can see that silicatein mutants are often shorter than the WT TF-silicatein (Fig. 1B-5).  In 

simple cases, a premature stop codon resulting in a truncated silicatein mutant that conferred greater 

survival suggests the deleted tail was un-important or even detrimental to activity. In this work, however, 

since a premature stop codon and truncated sequence is not present in all versions of each mutant, we cannot 

definitively say that the N-terminal of silicatein is un-important. 

 

An examination of mutant family 2.6 shows the earliest stop codon at amino acid 128 (Fig 1B-8).  Utilizing 

the known crystal structure of silicatein (PDB 6ZQ3) we can visualize the early truncation (Fig 1B-9).  With 

this early truncation, an alpha helix and three beta sheets are eliminated.  Before attributing increased 

biomineralization to these changes, it is important to recall that the other proteins from mutant family 2.6 

are being co-expressed.  Assuming each mutant is co-expressed in equal amounts (which we do not know), 

then 1/8 the proteins present are truncated at amino acid 128.  A more conservative consideration may take 

into account that only two proteins in mutant family 2.6 are full length, therefore six are truncated.  The 

latest truncation takes place at amino acid 174, which similarly results in the elimination of an alpha helix 

and two beta sheets.  
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The nanoceria made with mutant 2.6 were significantly larger than particles made with WT TF-silicatein 

as compared with a two-tailed unpaired test (df = 13, p = 0.01) (Fig. 1B-10).  Nanoceria mineralized by 

mutant 2.6 had an average diameter of 3.6 nm as compared to nanoceria made with WT TF-silicatein at 2.5 

nm.  Consideration of the mutant 2.6 consensus sequence may point to the truncated tail as a contributor to 

the change in particle size.  Figure 1B-9 compares WT TF-silicatein (panel A) with the consensus for mutant 

2.6 (panel C), and one can imagine that the openings created by the protein truncations may lead to larger 

particle growth, i.e. less physical constraint results in larger particles.  This is a purely physical hypothesis, 

it is also possible that the amino acids in the truncated tail played a critical role in guiding particle growth 

in a more mechanistic manner.   

 

Silicatein Library and the Catalytic Triad Hypothesis 

Similar nuance must be observed with the interpretation of the controversial catalytic triad (S26, H165, 

N185).  In the consensus sequences, S26 remains conserved while H165 and N185 tend to be more variable, 

especially with sequence truncations.  Interestingly, amino acids adjacent to S26 are also changed in 

mutants 2.7 and 2.8 (Fig. 1B-5).  This is consistent with previous work from Povarova, et al. 2018 which 
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Figure 1B-10. Transmission electron microscopy for particles made with WT TF-silicatein (average 
diameter 2.5 nm) and mutant 2.6 (average diameter 3.6 nm).  A two-tailed unpaired t-test shows that the 
average particle diameters are significantly different t = 4.202, df = 13, p = 0.01. 
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suggests that mutations adjacent to S26 may be favorable to “open up” the space surrounding this residue.34  

For mutant 2.7, E, S, and C are found at A25.  Contrary to creating space near S26, these charged amino 

acids may function to coordinate with precursor ions, potentially positioning them favorably for 

coordination with S26.  A similar change from A25 to E is found in mutant 2.8.   

 

The conservation of S26 within the library is consistent with the site-directed mutagenesis of the catalytic 

triad.  Several studies have examined impacts of catalytic triad mutations with silica biomineralization, with 

controversial results.34,116  In this work, the same catalytic triad mutations were performed, but testing ceria 

biomineralization as a measure of protein catalytic activity rather than silica biomineralization. By 

evaluating biomineralization activity with ceria, it is evident that H165A, and H265/S26A mutants do not 

have significantly impacted functionality (Fig 1B-11).  The single mutation of S26A, however, does show 

significantly impaired biomineralization yields, with average activity only 84% of WT TF-silicatein (p < 

0.05, n = 6).   
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Summary 

Overall, a single mutant did not display improved activity due to the intertwined nature of multiple 

transformations.  SDS-PAGE illustrates notable DnaK expression with mutant 2.7, however with the 

Western blot of WT TF-silicatein and mutant lysates (normalized by total protein concentration), mutant 

2.7 is indistinguishable from mutants 2.6 and 2.8 (Fig. 1B-6).  These results suggest that the mutants do not 

put significantly more or less stress on the cells, although it is notable that the protein produced per total 

protein in cell is much lower than the WT.  In Native PAGE analysis, the mutants oligomerize similarly to 

the WT and show comparable biomineralization activity within the Native PAGE.   
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Figure 1B-11.  A) Ceria mineralization for purified TF-silicatein in comparison to a ceria ammonium nitrate only, 

no protein control highlighting significantly greater nanoceria recovery with TF-silicatein than without.  p < 5x10
-6

, 
n = 10.  B) Ceria mineralization for purified TF-silicatein and TF-silicatein mutants H165A, S26A, and H165/S26A, 
showing a significant difference between TF-sil and S26A nanoceria recovery, but no significant difference with 
H165A and H165/S26A.   p < 0.05, n = 6.  Data originally quantified by moles, then percent recovery, and finally 
normalized to TF-silicatein outputs following the methods of Povarova, et al. 2018. 
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Future Work 

This work shows genetic mosaicism associated with silicatein mutant library, suggesting that silicatein has 

significant sequence flexibility and that multiple versions of the protein contribute positively to 

biomineralization activity.  In order to further examine individual sequences and therefore the impacts of 

specific amino acid changes, each mutant of interest will need to be transformed individually with the 

purified target DNA.  While this may provide some insight into the mechanism of the enzyme, it will require 

serious time and resources and does not seem likely to yield a “super” enzyme. 

 

An interesting perspective to consider is the possibility of in vivo biomineralization with silicatein mutant 

families for applications to austere environments such as acid mine drainage, e-waste streams, or 

extraterrestrial zones.  In these cases, it may further benefit the organism to display genetic mosaicism and 

one could leverage the challenges of each austere environment to direct evolution of the protein.  It is 

possible that each directed evolution in each austere environment may produce a unique family of mutant 

silicateins.  For example, mutant silicatein produced via directed evolution in acid mine drainage may differ 

from mutant silicatein produced via directed evolution for extraterrestrial applications.  With consideration 

to silicatein sequence flexibility, this could be a promising approach for a variety of challenges.   

 
Publication:   Submitted, In Review:  Vigil, T.N., Rowson, M.J.C., Frost, A.J., Janiga, A.R., Berger, 

B.W.  “Directed evolution of silicatein reveals biomineralization synergism between protein sequences” 

2024.   
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Aim 1c 

Hypothesis: Some biomineralization protein activity is mediated by intrinsic disorder within protein 

structure, therefore I hypothesize that intrinsic disorder within silicatein contributes to biomineralization. 

 

Approach:  Although silicatein biomineralization is reported to be catalytic, with the catalytic triad theory 

prevailing,37,116 this theory is controversial.  Silicatein biomineralization with ceria can be fit according to 

Michaelis-Menten kinetics (Fig 1C-1).  Similarly, previous work by Dakhili, et al. shows Michaelis-Menten 

kinetics between silicatein and various silica precursors.37  These results point to enzymatic activity, 

however, site-directed mutagenesis with the catalytic triad did not abolish biomineralization activity (Fig 

1B-8).  Therefore, the catalytic triad is not the active site, or is one of multiple active sites.  The silicatein 

library and co-occurrence of multiple silicatein mutants seems to support the possibility that there are 

multiple routes of biomineralization associated with silicatein. 

 

Biomineralization can also be mediated by intrinsic disorder.117,118  Intrinsic disorder facilitates crystal 

nucleation via phase separation as a result of poor solubility.117,118 One example is nacre-protein PFMG1, 

which has interactive regions of disorder that facilitate calcium carbonate biomineralization.119,120 Other 

proteins co-localized with PFMG1 also display intrinsic disorder and contribute to biomineralization 

activity.119,120 Here, I can draw a comparison with silicatein, which also has biomineralization activity and 

is co-located with several other potential biomineralization contributors.   
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Many studies of intrinsic disorder note trends in hydrophobic, polar, and charged amino acids as well as 

low complexity repeat regions.118,121,122 One subset of intrinsic disorder is amyloid-like aggregation, which 

describes a whole class of behavior distinguished by beta sheet folding and associated protein aggregates.121 

PFMG1 aggregation is likely mediated by this behavior, with base-line secondary structure of 35% beta 

sheets that reportedly increase with further aggregation and biomineralization activity.120 In contrast, 

Dakhili et al. showed that silicatein has approximately 17% beta sheets by circular dichroism.37 

Furthermore, pi-pi stacking of aromatic amino that reportedly increase with further aggregation and 

biomineralization activity.123 The Budapest Amyloid Predictor124 flags one hexapeptide region within 

silicatein as amyloid-like, starting at tyrosine 76, followed by PFVGK (6/183 AA).  For comparison, 

Budapest Amyloid Predictor identifies 4 hexapeptide regions in PFMG1 (24/136 AA). 
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Figure 1C-1. Silicatein enzyme kinetics as measured with precursor ceria ammonium nitrate resulting in ceric oxide 
formation.  A Michaelis-Menten curve fit was applied to calculate vmax = 8.1 x 10-8, 2.7 x 10-8, and 8.3 x 10-9 
moles/hr for TF-sil, GFP-sil, and CAN only, respectively.  The calculated Km values were 14.6, 4.7, and 1.3 mM 
respectively.  N = 30 
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Other intrinsic disorder predictors such as IUPRED3 and PrDOS predict regions of disorder by evaluating 

amino acid energy in context of neighboring amino acids, as well as similarity to model sequences.41,125,126 

Utilizing these methods, only final residues N and Q have greater than a 50% probability of disorder.  

Analysis with PSIPRED also identifies N182 and Q183 as disordered, along with K180 and Y181 (Fig. 

8).126 It is important to note that these residues appear at the end of the sequence – therefore do not have as 

many contacts as residues within the protein, and therefore more likely to be identified as disordered.  This 

is an artifact of this predictive approach that must be considered.  With this in mind, there are no residues 

predicted to be disordered in silicatein, but the same analysis with PFMG1 identifies 39 residues.120 
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Figure 1C-2.  IUPRED disorder predictions for the proposed mutants.  Left, IUPRED predicts 
decreasing disorder as the polyS region is mutated to A.  On the right, each mutation to proline 
results in increased intrinsic disorder.  (Note, pictured is IUPRED prediction which is less specific 
than the postulated amyloid aggregation.)  
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Finally, I consider low sequence complexity as a measure of 

intrinsic disorder.  Silicatein has four sequential serines starting at 

AA 159 (numbering according to H165), which shall henceforth 

be referred to as the polyS region.  Repeats of polar amino acids 

are reported to cause phase separation behavior, which 

corresponds with the theory of crystal nucleation resulting from 

phase separation.117,127  Additionally, longer repeats are associated 

with greater disorder.118  With consideration to these changes, 

Table 2 relates protein properties to what we can experimentally 

measure, which may help with interpretation of results. 

 

Table 2.  Protein properties as related to experimental results. 

Protein Property Measurables 

Solubility Activity DnaK 

expression 

Overall protein 

concentration 

Mineralization 

Yields 

Material 

properties 

Increase Increase Decrease Increase Increase ? 

Increase Decrease Decrease Increase ? ? 

Decrease Increase Increase Decrease ? ? 

Decrease Decrease Increase Decrease Decrease ? 

 

 

Strategies and Results 

For the YPFVGK region, the crystal structure 6ZQ3 shows random loops and coils rather than beta sheets.  

Using 3D-folding secondary structure prediction software, PEP-FOLD, the YPFVGK region was examined 

further for beta sheet formation.  PEP-FOLD predicts 3D-folding based on amino acid identity and 

Figure 1C-3. Silicatein crystal 
structure 6ZQ3 with polyS region 
highlighted in red and predicted 
amyloid-like region in blue.  
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proximity, generating approximately 100 models to account for the different conformational changes.128,129  

From these 100, the five most common are selected as representative of the 3D-folding of the peptide.   

 

For the YPFVGK region, the 30 amino acids immediately preceding YPFVGK (i.e. P61-K97) were input 

to PEP-FOLD, generating a structure that closely resembles the known crystal structure of 6ZQ3, shown in 

Figure 1C-4.  P61-K97 shows the same alpha helix preceding YPFVGK, and the YPFVGK region itself 

remains random loops and coils.  As noted above, however, the end of an amino acid sequence may have 

higher propensity for disorder or randomness when evaluated via predictors due to the lack of neighboring 

amino acid residues, therefore F76-M112 and H64-C100 also examined.  In each case, the alpha helix 

preceding YPFVGK and the random loops and coils of YPFVGK remained intact.  Finally, short 

nonapeptide region S94-Q103 (eliminating the influence of neighboring peptides) showed random loop and 

coil structure with little change seen between SAYPFVGKQ and SAPPFVGKQ.  Simulations at pH 5 and 

pH 8 also did not show any secondary structure changes for YPFVGK.  Altogether, PEP-FOLD and 

IUPRED results did not support any amyloid aggregation resulting from the YPFVGK region, and 

YPFVGK mutants were not further explored.   

 

Consideration of the library sequences from mutants 2.6, 2.7, and 2.8 show that the YPFVGK region was 

mostly conserved, with the only mutations occurring with F.  For mutants 2.7D and 2.8A, F was substituted 

with L.  For mutant 2.8F, F was substituted with V.  Each case substitutes hydrophobic F with another 

hydrophobic amino acid.  Although the hydrophobic nature of the side chain is conserved, L and V would 

not contribute to any pi-pi stacking with Y.  In all sequences, YP and VGK remained unchanged, therefore 

this region underwent a single amino acid substitution for three of a total of 19 mutants.  The single amino 

acid substitution preserved the hydrophobic character of original amino acid, F, but disrupts any pi-pi 

stacking with Y.  Considering that mutants 2.6, 2.7, and 2.8 each had greater biomineralization yields than 

WT TF-sil and overall conserved the YPFVGK character may suggest that this region contributes positively 
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or negligibly to biomineralization, however, this region does not mediate biomineralization via amyloid 

aggregation.  

 

Overall, the library findings concerning YPFVGK support a lack of amyloid folding, which is in agreement 

with a lack of amyloid folding in this region with crystal structure 6ZQ3 from Goerlich et al.21  The proposed 

hypothesis, that the YPFVGK region contributes to amyloid aggregation, is therefore very unlikely.  This 

further supports the decision not to pursue site-directed mutagenesis with YPFVGK.   
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Figure 1C-4.  PEP-FOLD predictions with YPFVGK (magenta).  Row 1 shows P61-K97 or 
PYGNHGCHGGNMYDAFLYVIANEGVDQDSAYPFVGK.  Row 2 shows F76-M112 or 
FLYVIANEGVDQDSAYPFVGKQSSCNYNSKYKGTSM and H64-C100 or 
HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSC.  Row 3 shows nonapeptides 
S74-Q83 or SAYPFVGKQ and mutant SAPPFVGKQ.   
 

Row 1 

Row 2

 

Row 3 
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Low-complexity regions are a hallmark of intrinsic disorder,122,130 which contributes to biomineralization 

in the case of PFMG1.119,120 Low-complexity regions are also found in marine sponge glassin, although 

these have not been structurally confirmed as intrinsically disordered.42  In silicatein, the polyS region may 

mediate biomineralization via intrinsic disorder due to low-complexity.  In one study, Goncalves-Kulik et 

al. showed that S occurs as a low-complexity repeat in approximately 65% of intrinsically-disordered 

regions with a published PDB structure and is the fourth-most high occurring low-complexity region 

observed in the proteome.131  Table 3 lists the mutations that will be made to the polyS region.  

 

Table 3. Intrinsic disorder mutants 

Original sequence Sequence made with site-

directed mutagenesis 

Mutant name 

159-SSSS 159-ASSS polyS1 

159-SSSS 159-AASS polyS2 

159-SSSS 159-AAAS polyS3 

159-SSSS 159-AAAA polyS4 
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The polyS mutants were made and characterized for solubility and stability qualitatively by SDS-PAGE.  

In SDS-PAGE, the intensity of target band at 75 kDa, as well as DnaK band at 26 kDa were considered.  In 

each of the polyS purifications, the TF-sil polySx band is evident at 75 kDa, although not overly intense 

(Fig. 1C-5).  In each case, the 26 kDa DnaK band is equally or more prevalent than the target 75 kDa band.  

In contrast, WT TF-silicatein generally produces a large band without any at 26 kDa.  This may suggest 

that the polyS mutants are less stable than WT TF-silicatein.   

 

As each polyS1 and polyS2 have smaller low complexity regions than WT TF-silicatein (ASSS, AASS has 

fewer amino acid repeats than SSSS) it might be anticipated that intrinsic disorder would be lower and that 

protein solubility and stability would be greater.  If this were the case, we would anticipate less DnaK 

expression than with WT TF-silicatein, which is not shown in Fig. 1C-5.  Mutants polyS3 and polyS4 

(AAAS, AAAA) although different from the low complexity seen in the original SSSS, have low 

complexity with A repeats.  Although the A repeats are low complexity, the trends in intrinsic disorder 

suggest that polar amino acids have a strong role, therefore AAAS and AAAA might be expected to have 

less intrinsic disorder than SSSS although they do have low complexity.  While the precise details of which 

amino acids cause specific aspects of disorder within silicatein cannot be sorted out, there are no clear 

trends of increased or decreased solubility and stability associated with the polyS mutants.   

polyS2                                 
FT    10    25    50     500           

polyS3   
FT    10   25     50     500  
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Figure 1C-5.  SDS-PAGE gels for polyS purifications.  Red arrows indicate bands of interest at 75 and 26 kDa.   
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With consideration to biomineralization yields, the polyS mutants also did not show any significant 

differences from those of WT TF-silicatein (Fig. 1C-6).  While these results are anti-climactic, they do 

support the findings of Aim 1B which show that multiple mutants co-expressed increase biomineralization 

activity.  Therefore, one could postulate that while none of these mutations alone result in any significant 

changes to biomineralization, it is possible that multiple mutants working together would.   

 

Furthermore, the library mutant family 2.6 reveals that only 1 of 8 identified sequences is truncated prior 

to the polyS region, and only 1 of 8 identified sequences shows a mutation in the polyS region (SSRS).  

Library mutant family 2.7 shows 2 out of 5 identified sequences is truncated prior to the polyS region, and 

1 of 5 identified sequences has a mutation in the polyS region (SSSY).  Finally, the library mutant family 

2.8 shows the polyS region as conserved for all six identified sequences.  Taken together, these results 

support the notion that the polyS region does not solely define biomineralization activity but that it may 

play an assisting role.   
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Silicatein has many S residues (28/183), which are hypothesized to influence biomineralization through the 

hydroxy moiety.27  In their examination of low-complexity regions, Lee et. al (2022) observe that clusters 

of amino acid repeats often interact with other clusters.132  Figure 1C-3 shows the polyS region highlighted 

in red as an random loop.  As there are no other amino acid repeats in silicatein, the polyS region random 

loop does not follow low-complexity cluster interaction behavior.   Lee et al. (2022) also describe 

characteristic R and S-rich regions as low-complexity.132  Prior to the polyS region in silicatein are amino 

acids S, S, R, and C.  This perspective suggests two possibilities:  1) although the polyS region does not 

interact with another low complexity cluster within the protein monomer, it is may be possible the polyS 

regions between two protein monomers bridge in low-complexity cluster interaction behavior, 2) although 

the polyS region is separated from nearby S by R and C amino acids, it may be wise to consider these 8 
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Figure 1C-6.  Ceria biomineralization yields of polyS 
mutants relative to WT TF-silicatein.  Error bars represent 
SEM.  One-way ANOVA shows no significant difference 
between ceria biomineralization yields of any of the 
mutants and WT TF-silicatein.  
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amino acids together as a functional unit rather than polyS alone (S-S-R-C-S-S-S-S).   These possibilities 

may be valuable considerations for future studies.   

 

Di-histidine mutants 

Two histidine mutants, H64A and H67A, were also evaluated here.  Although histidine is not known to be 

a strong contributor of intrinsic disorder, the di-histidine motif has been implicated in 

biomineralization.133,134  For magnetite formation in magnetotactic bacteria, Hershey et al. showed that a 

di-histidine motif plays a critical role.133  Histidine is also widely considered a metal chelator, and thought 

to contribute to biomineralization in that way.  H165 is a histidine in silicatein’s putative catalytic triad, 

which we showed with ceria ammonium nitrate as precursor is not critical for biomineralization (Fig. 1B-

11).   

 

H64A and H67A mutants showed some diminished expression with notable DnaK expression for H67A in 

the 500 mM elution (Fig 1C-7).  However, with consideration to eGFP-silicatein, the silicatein library 

mutants, and polyS mutants this change in expression seen with SDS-PAGE was not considered indicative 

H64A      H67A 
FT     10    25     50     500         FT      10     25    50    500    

Figure 1C-7.  SDS-PAGE for H64A and H67A immobilized metal affinity 
chromatography purifications showing flow through (FT), 10, 25, 50, and 
500 mM elutions.   
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of protein activity, i.e. significant DnaK expression was seen with eGFP-silicatein, however eGFP-silicatein 

retained biomineralization activity.  Ceria biomineralization with these mutants showed no significant 

changes to nanoceria yields (Fig. 1C-8).    Interestingly, of all the mutants sequenced for the silicatein 

mutant library, each had H64 and H67 conserved.  Similar to analysis of library results with the polyS 

region this may suggest that biomineralization activity is in part supported by H64 and H67, but that these 

amino acids are not solely responsible for activity.   

 

 

Summary 

Intrinsic disorder mediates biomineralization via liquid-liquid phase separation in some proteins, with 

PFMG1 being a notable example.  In this work IUPRED did not predict a high probability of disorder for 

Figure 1C-8.  Ceria biomineralization yields of histidine mutants 
relative to WT TF-silicatein.  Error bars represent SEM.  One-
way ANOVA shows no significant difference between ceria 
biomineralization yields of any of the mutants and WT TF-
silicatein. 
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any residues within silicatein.  However, in an investigation of intrinsic disorder mediated by amyloid 

aggregation, the Budapest Amyloid Predictor124 identified hexapeptide sequence YPFVGK.  Thorough 

analysis with PEPFOLD illustrated no amyloid folding with YPFVGK, even with changes in pH.  To 

investigate intrinsic disorder as a function of low-complexity regions, we examined the polyS region.  Site-

directed mutagenesis to change hydroxyl-functionalized S to A did not result in any significant changes in 

biomineralization yields (Fig. 1C-6).  Finally, a di-histidine motif with H64 and H67 was examined via 

site-directed mutagenesis to A.  The di-histidine motif has reportedly modulated metal cation binding for 

some biomineralization proteins,133,134 however in this case there were no changes to biomineralization 

yields, suggesting that H64 and H67 do not play a critical role in biomineralization activity.  The results 

here align with library results from Aim1b, suggesting that silicatein is permissive to a variety of sequence 

changes.  Furthermore, these results indicate that silicatein biomineralization activity is not mediated by a 

single mechanism but is instead the result of complex interplay between multiple modes of activity.   

 

Future Work  

There is no single path forward with silicatein.  As discussed with the polyS case, one possibility is 

evaluating S-S-R-C-S-S-S-S rather than S-S-S-S alone since S and R are known to have complex 

interactions within low-complexity regions.  Another possibility is complete mutagenesis of all S present 

in silicatein (28/183) to A to evaluate complete abolition of the S hydroxyl moiety.  This approach can be 

extended further to systematically evaluate the role of other amino acids such as C/H/M and W/R/K as 

these amino acids have been identified as critical for binding and reduction in various biomineralization 

studies.4  To evaluate the implications of select mutations on the material properties of biomineralization 

product, analysis such as XRD and TEM should be considered.   
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Materials and Methods: 

Molecular Biology 

Standard molecular biology procedures were used for DNA maintenance and cloning using E. coli DH5a.  

For TF-silicatein, eGFP-silicatein, and library work, the Monarch PCR and DNA Clean-up Kit (NEB), and 

Monarch Gel Extraction Kit (NEB) were used according to manufacturer’s instructions.  All mini-and maxi-

preps were performed according to established Berger lab protocols.  pET-28a(+) TF-silicatein and pET-

28a(+) eGFP-silicatein were legacy mini-preps from the work of Melissa Deschamps (UVa Master of 

Science 2019).  Plasmids were confirmed via whole plasmid sequencing (Plasmidsaurus).   

 

Frequently used primers 

T7:  5’ TAATACGACTCACTATAGGG 3’ 

Sil F:  5’ tacatAAGCTTGGTGCGAGTTATGCTTTTTCTGC 3’  

Sil R: 5’ cccaccCTCGAGTTGATTGTATTTGTT 3’  

T7term:  5’ GCTAGTTATTGCTCAGCGG 3’ 

TF F:  5’ ATGCAAGTTTCAGTTGAAACCACT 3’ 

Middle TF F: 5’ ACCTTCCCGGAAGAATACCAC 3’ 

 

Protein production and purification 

pet28a(+) eGFP-silicatein, TF-silicatein, and eGFP/TF-silicatein mutants were transformed into E. coli 

BL21.  Single colonies were picked for starter cultures in LB, grown at 37 °C shaking overnight.  Cultures 

were centrifuged at 3,000 x g for 10 minutes and supernatant discarded.  Cell pellet was inoculated in TB 

with kanamycin (minimum 50 mL) and grown to OD600 of 0.6-0.8.  At OD600 > 0.6, isopropyl β-D-1-

thiogalactopyranoside (IPTG) was added to a final concentration of 0.1 mM and flasks moved to 20 °C 

shaking incubator overnight.  Cells were harvested via centrifugation at 3,000 x g for 10 minutes and 

supernatant discarded.  Pellet was resuspended in sonication lysis buffer (5% v/v glycerol (99+%), 36 mM 
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tris HCl, 20 mM tris base, 100 mM NaCl, and 5 mM imidazole) at 5 mL buffer / 1 g pellet.   Lysis was 

performed via sonication at 20% amplitude, for 20 minutes in 20 second on/off pulses.   Lysate was 

centrifuged at 10,000 x g for minimum of 10 minutes, supernatant was collected and filtered with 0.4 µm 

syringe filter then purified via his-tag affinity chromatography.  Purification fractions were collected and 

analyzed via 8% SDS PAGE.  

 

Following purification, 500 mM elution was transferred to dialysis in 0.1 M Tris buffer, pH 8 and dialyzed 

overnight (minimum 4 hrs) at room temperature.  Protein concentration was then measured via A280.  

Dialyzed protein was stored at room temperature.  Mass precipitation begins occurring after approximately 

1 week.  

 

SDS-PAGE 

8% SDS-PAGE with Blue Precision Plus Protein ladder (BioRad) was loaded with denatured lysates and 

purified samples, run at 110 V for 10 minutes, then 150 V for 1 hour.  For staining, gel was transferred to 

fixing solution with Coomassie blue for at least 30 minutes (0.025% w/v brilliant blue, 7.5% v/v acetic 

acid, 50% v/v ethanol (95%), and 42.5% v/v DI H2O), then de-stained (7.5% v/v acetic acid, 10% v/v 

ethanol (95%), and 82.5% v/v DI H2O) for 1 hour.  Imaged with colorimetric transillumination on 

Amersham Imager 680.   

 

Native PAGE 

8% Native PAGE with Native Mark Unstained Protein Standard ladder (ThermoFisher) and protein samples 

(>50 mmol/L) was run at 110 V for 2 hours in 1.5x native PAGE buffer (192 mM glycine, 25 mM tris, pH 

8.3). Gel was stained with FASTsilver (G Biosciences) or Coomassie staining solution. For 

biomineralization assay, gel was run normally then cut into three separate pieces and transferred to 

appropriate stains / buffers for 12 hours.  The Coomassie blue stained gel was imaged with colorimetric 
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transillumination.  Buffer control and 2 mM CAN gels were imaged at 460 nm excitation to detect 

nanoceria. Fluorescence gels were imaged using an Amersham Imager 680 with semi-automatic exposure.   

 

Silver Stain 

FASTsilver kit from EMD Millipore.  All steps performed on an orbital mixer.  Gel was incubated in 

fixative I (30% ethanol, 10% acetic acid) for at least 30 minutes, then washed twice for 10 minutes each in 

fixative II (10% ethanol).  Next, gel was washed three times for 10 minutes in DI H2O.  Following water 

discard, gel was soaked in sensitizing solution (5 mL silver, 65 µL sensitizer I, 45 mL DI H2O) for 30 

minutes. For 10-20 seconds, gel was rinsed in DI H2O then soaked in developer (2.5 g developer powder, 

32.5 µL sensitizer I, 32.5 µL sensitizer II, 45 mL DI H2O) until bands are visible.  5 mL stopper solution 

(22% acetic acid) was added and gel was left to rock on orbital mixer for 10 minutes. 

 

Library generation 

Silicatein mutants were generated via error-prone PCR with dNTP analogues, adapted from Chao, et al. 

2006135 and shown below.   
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The forward primer for this random mutagenesis was:  5’  TAC ATA AGC TTG GTG CGA GTT ATG 

CTT TTT CTG C 3’ and the reverse primer was 5’ CCC ACC CTC GAG TTG ATT GTA TTT GTT 3’.  

PCR product was then re-ligated into the pet28a(+) vector with Trigger Factor (Accession # 

WP_096260434.1) or eGFP (Accession # P42212) at HindIII and XhoI according to NEB T4 Ligation 

protocol.  The ligation product was transformed directly into BL21 E. coli, then screened via survival assay 

(50 ng DNA in 20 µL total, so 2.5 ng/µL).   

 

Survival assay 

BL21 E. coli was transformed via electroporation with library DNA mixture (2.5 ng/µL) and quenched with 

LB.  The transformation recovery culture was grown in 37 °C shaking incubator overnight.  Cells were 

harvested via centrifugation at 3,000 x g for 10 minutes, then pellet was resuspended in Terrific Broth and 

grown to an OD600 of 0.6.  At OD600 = 0.6, 0.1 mM IPTG was added, then culture was incubated at 20 

°C shaking overnight.  After induction, media was removed and cells were resuspended in water, then 

exposed to varying concentrations (2.5 mM to 0 mM) of ceria ammonium nitrate (CAN) grown overnight 
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at 37 °C shaking.  Cultures were diluted 1/1000 then plated on LB agar according to CAN exposure 

concentration and grown at 37 °C for 18 hours.  Colonies grown at or above critical concentration were 

selected for further screening.   

 

Bradford assay 

Total protein concentration was sometimes measured by Bradford assay with BioRad’s Bradford reagent 

(catalogue #5000205).  A standard curve was prepared in 96-well plate from 1,500 ng BSA followed by 

two-fold serial dilutions (150 µL BSA, 150 µL Bradford reagent).  Sample triplicates were added to wells 

at 150 µL, followed by the addition of 150 µL Bradford reagent.  Absorbance was read at 595 nm on BioTek 

Synergy Neo2 plate reader.   

 

Silicomolybdate assay 

Silica recovery was measured with the silicomolybdate assay adapted from Povarova, et al. 2018 with 

extinction coefficient as derived by Coradin, et al. 2004.136  Biomineralization samples were centrifuged at 

21,000 x g for 30 minutes.  Supernatant was discarded, samples were dried and resuspended in 0.2 M 

NaOH.  Samples were then titrated to pH 1.6-1.9 with 2 M HCl.  After recording total sample volume, 

samples were transferred to 96-well plate in 200 µL increments.  15 µL of molybdate reagent was added to 

each well then incubated at RT for 15 minutes.  Then 15 µL of 0.1% ascorbic acid and 15 µL of 0.1% oxalic 

acid were added to each well and incubated at RT for 2 hours.  Absorbance was read at 820 nm on BioTek 

Synergy Neo2 plate reader.   

 

Arsenazo III assay 

A ceric ammonium nitrate standard curve in 10 mM citrate buffer pH 3 (high concentration 1.25x10-7 moles) 

was prepared fresh for each reading. Samples were dried and resuspended in citrate buffer.  In 96-well plate, 

samples were further diluted 1/15 in 10 mM citrate buffer (pH 3), and a final concentration of 2 mM 

arsenazo III dye was added, adapted from Hogendoorn, et al.  2018.137  Following 1 minute centrifugation 
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at 100 x g, absorbance at 650 nm was read on BioTek Synergy Neo2 plate reader.  Based on best-fit line of 

standard curve concentrations and absorbances, sample concentrations were calculated, averaged, then 

transformed into percent yield (based on initial CAN availability of 1x10-7 moles in biomineralization 

assay).  

 

X-ray diffraction 

Samples were characterized with a Bruker ApexII Duo diffractometer with a Cu 1.54 angstrom source at 

room-temperature with expertise from Dr. Diane Dickey at the UVa XRD Core (instrument funding from 

NSF-MRI program (CHE-2018870)). Sample spectra were compared and matched to standards listed in the 

Inorganic Crystal Structure Database. 

 

Transmission electron microscopy 

Nanoceria samples were separated via centrifugation, then resuspended in 10 mM citrate buffer (pH 3.0). 

100 µL samples were applied to TEM sample grid and let dry at room temperature.  Samples were examined 

with FEI Titan 80-300 Transmission Electron Microscope.  Image analysis and particle size measurement 

conducted with ImageJ. Utilization of the FEI Titan 80-300 Transmission Electron Microscope within 

UVa's Nanoscale Materials Characterization Facility was instrumental to this work. Dr. Grayson Johnson 

performed image acquisition and assistance with data analysis. 
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Chapter 2:  Evaluating smCSE biomineralization and testing for applications to remediate 

acid mine drainage 

*Portions of this work are described in manuscript “Structural basis for the CdS quantum dot (QDs) 

nanocrystals formation by cystathionine γ-lyase from Stenotrophomonas maltophilia strain (smCSE)” 

 

Key Findings 

• H351 is crucial for smCSE quantum dot production 

• smCSe can mineralize ceria ammonium nitrate, lanthanum (III) nitrate, and neodymium (III) 

nitrate to sulfides 

• smCSE reaction time is a key consideration for rare earth element extraction – with WT smCSE, 

an in vitro reaction time greater than 24 hours will precipitate bulk minerals 

• Applications for smCSE in REE extraction are likely not suitable for a flow-based reactor system, 

but a batch reactor simulation has shown promising results 

 

Cystathionine gamma-lyase from S. maltophilia (smCSE) has been shown to produce CdS quantum dots 

when combined with appropriate cysteine- and cadmium-based precursors.62–64,138 In this work I will 

evaluate smCSE biomineralization by 2a) examining unique sequence features of smCSE that enable 

quantum dot production, 2b) examining smCSE substrate flexibility with REEs for the production of REE 

sulfides, and 2c) applying and evaluating smCSE as an agent in biological soil crusts for waste remediation. 

 

Aim 2a 

Hypothesis:  Sequence and structural analysis show H49 as unique to smCSE, i.e. the 49th residue is not 

conserved with other non-biomineralizing CSEs, therefore I hypothesize that H49 is necessary for 

biomineralization activity. 
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Approach: Structural analysis of smCSE suggests that H49 and H351 (both conserved from human CSE, 

P32929),139 both situated between proline brackets, coordinate with metal precursor via imidazolium side 

chains for biomineralization.  Wang, et al.’s non-conserved surface regions (NSRm1: L11A/L13A, 

NSRm2: R119A/R120A/R121A/T122A, NSRm3: C324A/E325A/K326A/T327A/E328A, NSRm4: 

P355A/V356A/R358A) were identified via sequence comparisons with other, non-biomineralizing CSEs, 

whereas H49 and H351 were identified via protein crystal structure interaction with the cadmium ion.63  

Therefore, although the involvement of H49 is not supported by previous smCSE research findings, it is 

still worth exploring with some simple mutagenesis experiments.  I will evaluate the involvement of H49 

and H351 in biomineralization via site-directed mutagenesis to alanine, whose neutral, nonpolar sidechain 

will not coordinate with the metal substrate.   

 

Wang, et al. did evaluate E53 (conserved with human CSE),139 the third amino acid implicated in cadmium 

cation binding by the cadmium-soaked crystal structure generated by P. Mahanta, R. Acharya, B.W. Berger.  

Interestingly, Wang et al. conclude that E53A results in enhanced quantum dot production as indicated by 

greater absorbance at 350 nm after 60 minutes than with WT smCSE.63  This may suggest that E53A opens 

up the binding space but that cadmium ions still coordinate with H49 and H351 – deprotonated H49 and 
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His351 His351His351
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His49

Glu53

Glu53

Cd2+
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Figure 2A-1. A)  Coordination of cadmium ion between H49, E53, H351.  Imidazole rings from histidine 
side chains form imidazole “trap.”  Adapted from unpublished work by P. Mahanta, R. Acharya, B. W. 
Berger.  B) H49 and H351 (without Cd exposure) and associated proline brackets (P46 & P60, P346 & 
P355) 
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H351 would each carry a negative charge.  Similar sets of di-histidine pairs have been implicated in metal 

binding for other biomineralization proteins MamO and kallikrein.134,140  In the case of MamO, the di-

histidines coordinate the metal with three additional water molecules.133  With kallikrein, the di-histidines 

coordinate the metal with an aspartic acid.134  Given these precedents, it seems equally likely that H49 and 

H351 may or may not coordinate the metal ion in partnership with E53. 

 

H49 and H351 are surrounded in 3D space by proline brackets P46, P60, P346, and P355 (Fig 2A-1 B).  

Each of these prolines is conserved with human CSE except P355 (in human CSE, L355).139  The location 

of the proline brackets suggests a role possibly contributing to metal coordination and/or solvent 

accessibility.  Of note, P355 was identified by Wang et al. in their NSRm4, along with decreased (slower) 

biomineralization activity.63  NSRm1 and NSRm3 also exhibited decreased biomineralization activity, 

while NSRm2 biomineralization activity was completely abolished.  NSRm2 also lost tetramerization, 

forming a dimer instead.63   

 

Protein Expression 

WT smCSE has a reputation for being relatively easy to express recombinantly in E. coli, often producing 

a very large band on SDS-PAGE gels for purified protein.62,63  Although the mutants H49A and H351A are 

of interest for their potential impacts on biomineralization activity rather than hypothesized changes to 

protein stability, it is notable that SDS-PAGE expression for these purified proteins differs slightly in the 

case of H351A (Fig. 2A-2).  Where purified H49A creates a large band comparable to WT smCSE, H351A 

creates a much smaller, diffuse band.  This is especially evident in the purified fraction, however, 

comparison of the column flow through does not show significant differences between WT, H49A, and 

H351A.  Dialysis of purified protein fractions, however, still leads to detectable levels of protein via A280, 

which are normalized for all biomineralization experiments.  So although expression of H351A seems to 

be notably different, the amount of protein used for biomineralization experiments is consistent.     
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H351A and H49A mutants exhibit different biomineralization than WT smCSE.  Combination of H351A 

with precursors does not yield any biomineralization over an 18-hour period and no lagging 

biomineralization activity over 7 days.  This suggests that H351A is crucial for biomineralization activity 

and supports the hypothesis that H351A coordinates with the metal precursor.  The H49A mutant retains 

biomineralization activity, although it appears to be both delayed and potentially slowed, as shown in Fig 

2A-3.  By evaluating cadmium sulfide fluorescence with excitation 360 nm and emission of 520 nm, it is 

evident that peak nanoparticle production lags by approximately 14 hours.  Interestingly, particle production 

(as measured by exc. 360 nm em. 520 nm) is detectable at 1 hour with WT smCSE and 9 hours for smCSE 

H49A.  This suggests that particle production is delayed, but also slower as evidenced by the increased lag 

time seen with peak production.   

 

A fluorescence spectral scan at 20 hours (exc. 360 nm) shows peak emission of smCSE H49A at 520 nm, 

while WT smCSE has a peak emission at ~600 nm.  This is consistent with the time-course experiments 

Purified                                            FT 
WT        H49A     H351A               WT                     H49A                  H351A  

Fig 2A-2.  SDS-PAGE for WT smCSE and histidine mutants.  The purified fraction is shown at 1M 
imidazole elution, then the column flow through (FT).   
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that illustrate slower biomineralization associated with smCSE H49A than WT smCSE and also consistent 

with previous work highlighting continued particle growth with time.62,138 

 

The loss of activity associated with the H351A mutation supports Wang et al.’s assertion that 

tetramerization is necessary for biomineralization activity.  However, Wang et al. highlight that the 

“extended loop region” (AA 1- 60) which contains H49 is the foundation for tetramerization rather than the 

corresponding H351.  To further cloud the scenario, Wang et al.’s NSRm4 mutant P355, V356, R358 

displayed little to no biomineralization as monitored by UV-Vis.63  Taken together, these data may suggest 

that the N-terminal region of one protomer (including AA H351-R358) is critical for tetramerization and 

biomineralization activity, but that there is some flexibility associated with the corresponding C-terminal 

of the adjacent protomer (AA H49).  

 

Hershey et. al report diminished biomineralization activity associated with mutation of the di-histidine 

motif in MamO, but some residual activity remained.133  The authors report that this is likely due to the 
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Figure 2A-3.  Fluorescence over time shows cadmium sulfide quantum dot formation (exc. 360, em. 520 
nm) of WT smCSE and mutant H49A.   
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ability of other residues or motifs to bind metal, implying a built-in redundancy that preserves protein 

function.  For smCSE, the results with H49A support the possibility of an alternative binding site or 

mechanism of biomineralization, however the results with H351A do not.  It is possible that H351A is the 

key for biomineralization with H49A providing additional support and redundancy.   

 

Since production of H2S is fundamental to smCSE biomineralization activity, H49A and H351A mutants 

were examined to determine if H2S production remained intact.  Intact H2S production suggests that PLP 

binding and enzyme catalytic activity remains unchanged, and that any changes to biomineralization 

activity are due to enzyme interaction with the metal precursor.  An H2S generation assay shows that H49A 

and H351A retain H2S production, as shown by the formation of dark pigment in Figure 2A-4.   In the case 

of enzyme alone, no dark pigment is formed on filter paper soaked in a lead acetate solution.  For enzyme 

with sulfur-containing L-cysteine, the filter paper soaked in lead acetate solution displays a dark color when 

reaction with H2S occurs.  For the WT and mutants, dark coloration results with the incubation of L-

H2S Generation 
Enzyme only   + L-cys   

WT smCSE 
 
 
 

 
smCSE H49A 
 

 
 

smCSE 
H351A 

 
 

 
 

No enzyme  

Fig. 2A-4.  A) Hydrogen sulfide generation for WT smCSE, H49A, and H351A mutants.  The 
“enzyme only” (negative control) and + L-cysteine conditions are shown as well as L-cysteine without 
added enzyme.   B)  Native PAGE for smCSE H351A.  Band is above 242 kDa, anticipated tetramer 
molecular weight would be approximately 192 kDa. 
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cysteine.  A no-enzyme control (i.e. L-cysteine in buffer solution) shows that the color change is not due to 

any auto-degradation of L-cysteine in solution.  Consideration of this result together with the 

biomineralization results illustrates that changes in biomineralization activity are resulting from changes in 

enzyme interaction with metal precursor rather than any changes to catalytic activity.   Further support for 

this premise is from native PAGE, showing tetramerization is retained in H351A (Fig. 2A-4).  

 

Summary 

The di-histidine motif has been implicated in metal coordination for Fe and Zn, with MamO and kallikrein 

respectively.133,134  The crystal structure of smCSE (as performed by P. Mahanta, R. Acharya) shows Cd 

ion localization to H49 and H351.  To probe the functional role of these histidine residues, we performed 

site-directed mutagenesis for each to create mutants H49A and H351A.  H351A showed complete abolition 

of CdS QD production, while H49A showed delayed CdS QD production.  H2S generation of these mutants 

was examined to determine if the changes in QD production were due to changes in catalytic activity of the 

protein or changes in metal binding.  In each case, H2S generation remained intact.  Furthermore, the 

oligomerization of H351A was evaluated via native PAGE, as previous reports show that tetramerization 

of the protein is necessary for activity.63  Although resolution of this silver-stained native PAGE was low, 

it is clear that oligomerization of H351A is maintained.  Altogether, these results show that changes in 

biomineralization production associated with H49A and H351A are due to changes in the metal cation 

binding mechanism, strongly supporting H49 and H351 as a metal-coordinating di-histidine motif.   

 

Publication:  In preparation: Vigil, T.N., Frost, A.J., Janiga, A.R., Mahanta, P., Acharya, R., Berger, 

B.W., “Structural basis for the CdS quantum dot (QDs) nanocrystals formation by cystathionine γ-lyase 

from Stenotrophomonas maltophilia strain (smCSE)” 2024. 
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Aim 2b 

Hypothesis:  smCSE has substrate flexibility to biomineralize REEs to sulfides, perhaps as a microbial 

survival mechanism to accommodate multiple challenges/threats.  Since it has been established that smCSE 

will also mineralize Zn and Pb quantum dots,62,63 it seems plausible that smCSE will interact with other 

metal salt substrates as well.  Biomineralization activity with REEs will be instrumental in applying smCSE 

as a tool for REE extraction and recovery. 

 

Approach: Previous work has reported smCSE biomineralization activity with Cd, Zn, and Pb to sulfides 

as well as selenides.62,63,66,141 Since rare earth elements are of particular interest for many modern 

technologies, I will examine smCSE biomineralization of rare earth elements as a possible extraction tool.  

This can be evaluated both in vivo and in vitro.  The main challenge will be confirming if a rare earth 

element sulfide is produced.  Rare earth element sulfides are not well-characterized, with limited color 

descriptions and only few XRD spectra.142,143 CdS quantum dot production exhibits fluorescent properties 

that serve as a visual signal to monitor biomineralization activity.  Since rare earth element sulfides do not 

have any reported fluorescent properties, the limited colorimetric observational data will guide preliminary 

experiments, shown in table 2B-1. 

 

Table 2B-1. Rare earth element sulfides and their colors.142 

 

 

 

 

 

 

 

REE Sulfide Color 

b-La2S3 Light yellow 

b-Ce2S3 Red 

a-Nd2S3 Maroon 

g-Ce2S3 Red 

g-Nd2S3 Green 
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For our preliminary in vitro experiments I introduce rare earth 

element salts with well-established smCSE precursor L-

cysteine.  Visible precipitates are observed for color change, and 

further examined via UV-vis and XRD.  I have done preliminary 

experiments with ceria ammonium nitrate (CAN), and further 

experiments will continue with lanthanum and neodymium salts. 

Ceria ammonium nitrate with L-cysteine and smCSE creates a 

red precipitate, consistent with Ce2S3 as made by Haibin et al.,142 

shown in Fig. 2B-1.   

 

Additional evidence supporting a reaction between smCSE and REE salts is the formation of a precipitate 

in the “smCSE + precursor” condition which is not matched by either the “smCSE only” or “precursor 

only” condition.  With a surplus amount of L-cysteine in solution, the “precursor only” condition may form 

some precipitate, however, for this work 4 mM was found to be most appropriate.  With higher L-cysteine 

concentrations (8, 16 mM), L-cysteine crystals precipitated alone and could be visualized via XRD.  

Previous works report a range of L-cysteine concentrations from 4 mM to 32 mM62,63,138 in various ratios 

to cadmium precursor (1:8, 1:5, 1:4).  With a 1:8 ratio of precursor metal to L-cysteine, REE sulfides were 

examined via XRD (Fig. 2B-2, 2B-3).  

 

Figure 2B-1.  smCSE 
biomineralization of CAN.  Sample 1 
is smCSE only, without precursors.  
Sample 2 is smCSE with CAN and L-
cysteine.  Sample 3 is CAN and L-
cysteine. 

1              2              3 

1          2          3            4           5             6           7  

Figure 2B-2. Preliminary biomineralization with smCSE 
and REEs.  Sample 1) smCSE only, 2) smCSE + ceria 
ammonium nitrate + L-cysteine, 3) ceria ammonium 
nitrate + L-cysteine, 4) smCSE + lanthanum (III) nitrate 
+ L-cysteine, 5) lanthanum (III) nitrate + L-cysteine, 6) 
smCSE + neodymium (III) nitrate + L-cysteine, and 7) 
neodymium (III) nitrate + L-cysteine.  Precipitates 
evident in samples 2, 3, 4, and 6.   
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Comparisons of XRD spectra for compounds made via biomineralizataion with smCSE are compared to 

XRD spectra for known REE sulfides (Fig. 2B-4).  There are many known lanthanum sulfides, including 

LaS2, La3S4, LaS, La5S7, and La2S3.  Although each of these lanthanum sulfide compounds exist, the 

lanthanum cation only has a 3+ oxidation state suggesting that the most likely compound is La2S3.  In spite 

of this, the XRD spectra from the lanthanum compound produced with smCSE seems to have a variety of 

peaks that may correspond with each.  LaS2 shows a triplet peak at approximately 23° which is similar to 

the sample.  It is likely that the lanthanum sulfur compound produced is a mixture of LaS2, La3S4, LaS, 

La5S7, and La2S3.  Spectra matching with HighScore suggests that this compound is close to La3CuSnS7, 

La2Ti4(SO4)11, LaK(SO4)2, La3CuGaS7 which is consistent with identification of a lanthanum sulfide 

compound.  Cu, Sn, Ti, and Ga are not present in the reaction solution which accounts for the 

incompleteness of matching with the spectra.  K may be present in small amounts in the buffer or as residual 

from cell culture conditions, however, is not likely to be a major component.   

 

Figure 2B-3.  X-ray diffraction spectra for REE sulfide compounds formed via reaction with smCSE.    
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Preliminary identification of ceria sample via XRD does not match known CeS ICSD spectra exactly, but 

seems to be slightly right shifted with a notable level of baseline noise.  Interestingly, although XRD shows 

CeS rather than Ce2S3, the precipitate observed in these experiments was red or pink.  Ceria has 2+, 3+, and 

4+ oxidation states, while H2S generated with smCSE sulfur has a 2- oxidation state.  This may suggest that 
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Figure 2B-4.  XRD spectra comparing REE sulfide samples made via enzymatic biomineralization with 
smCSE and known REE sulfide compounds (left).  The closest matches are shown on the right.    
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CeS2 and Ce2S3 are the most likely compounds generated, however the spectra do not match.  Spectra 

matching with HighScore suggests that this compound is close to Ce0.5Gd0.5S, which may further support a 

preliminary identification of CeS.  CeS reportedly is a yellow solid.  Once the precipitate is dried it 

transitions from the blush color to a yellow-orange.  With greater amounts of precipitate product, a visual 

assessment of color would be more accurate than at present.   

 

Neodymium has 2+, 3+, and 4+ oxidation states suggesting that NdS, NdS2, and Nd2S3 are all possibilities 

for the compound generated via reaction of smCSE and neodymium (III) nitrate.  XRD for the neodymium 

sample produced a spectra matching NdS.  Notably, this is NdS rather than Nd2S3 which previous studies 

have recorded as green.  This identification is consistent with the precipitate generated via 

biomineralization, which is seems to be white or colorless.  Spectra matching with HighScore suggests that 

this compound is close to LiNdS2 and NaNdS2, which is consistent with identification as a neodymium 

sulfide compound.   

 

Cadmium acetate, lead acetate, and zinc chloride are each precursor compounds for smCSE 

biomineralization to CdS, PbS, and ZnS quantum dots.62,63,138  Each precursor species has the metal cation 

in a 2+ oxidation state, therefore the biomineralization product of NdS as produced with neodymium 

precursor makes sense as the neodymium cation can have 2+, 3+, and 4+ oxidation states.  Cerium is most 

commonly in oxidation states of 3+ and 4+, but also has a 2+ oxidation state.  The production of CeS as 

biomineralization product follows.  Lanthanum exists in oxidation state 3+, with much lesser prevalence in 

1+ and 2+ oxidation states, which may explain why smCSE biomineralization of lanthanum does not yield 

any clear lanthanum sulfide species, but apparently a mixture of several.   

 

Cations with 2+ oxidation states are likely to be suitable substrates for biomineralization with smCSE.  A 

comparison between smCSE biomineralization with cadmium acetate and L-cysteine and cadmium acetate, 

ceria ammonium nitrate, and L-cysteine shows no significant difference between production of CdS 
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quantum dot time-lapse curves (Fig. 2B-5).  This suggests that smCSE biomineralizes cadmium acetate to 

cadmium sulfide at comparable rates regardless of the presence of another substrate.  For rare earth element 

recovery, this result may indicate that smCSE will preferentially mineralize cadmium over cerium, therefore 

we can anticipate cadmium sulfide precipitation to bulk prior to cerium sulfide precipitation to bulk when 

both precursor cations are present in solution.   One possible explanation is that cadmium acetate has 

cadmium cation in 2+ oxidation state, where-as ceria ammonium nitrate has cerium in the 4+ oxidation 

state, in which case reaction occurs more easily between H2S and Cd2+.  

 

 

Summary 

Understanding the smCSE metal binding motif (as in Aim 2a), with H49 and H351 supports substrate 

biomineralization with 2+ metal cations.  Previous work showing smCSE biomineralization with Zn and 

Pb62,63 strengthen the hypothesis that smCSE has substrate flexibility to biomineralize REEs to sulfides.  

Figure 2B-5.  smCSE biomineralization with cadmium and cerium precursors evaluated via fluorescence 
(exc 360 nm, em 520 nm) over 36 hours.  Fluorescence is indicative of CdS quantum dot formation.  CeS 
quantum dots do not fluoresce with this excitation and emission.  Area under the curve is 376 and 373 for 
smCSE + CdAc + Cys and smCSE + CdAc + CAN + Cys respectively, illustrating no significant difference 
(two-tailed unpaired t-test, t=0.0061, df=144, p = 0.9951).    
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This hypothesis is supported by the work shown here, where-in smCSE is able to mineralize ceria, 

lanthanum, and neodymium precursors to sulfides as shown with XRD.  The dominant sulfide species 

shown in XRD match CeS and NdS most closely, which shows that Ce and Nd in the 2+ oxidation state 

interact with the H2S generated by smCSE.   The XRD spectrum for the lanthanum product of smCSE 

biomineralization is more difficult to match, suggesting that there may be a variety of lanthanum sulfide 

compounds such as LaS2, La3S4, LaS, La5S7, and La2S3.  Finally, an evaluation of cadmium acetate and 

ceria ammonium nitrate biomineralization with smCSE suggests that smCSE preferentially biomineralizes 

cadmium acetate before ceria ammonium nitrate.  A likely explanation is that in cadmium acetate, cadmium 

is in the 2+ oxidation state, whereas in ceria ammonium nitrate ceria is in the 4+ oxidation state, therefore 

via the di-histidine motif, cadmium 2+ coordinates in the binding region more readily.  This possibility 

could be more thoroughly assessed via binding affinity experiments with isothermal titration calorimetry 

or microscale thermophoresis.   
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Aim 2c 

Hypothesis:  smCSE treatment in mining or e-waste streams will produce biological soil crusts via 

precipitation due to biomineralization, wherefrom valuable elements and minerals can be reclaimed.  

 

Approach:  Recent work by Kuang et al. explores algal-based biological soil crusts for acid mine drainage 

treatment.144  Two major challenges for acid mine drainage treatment are the harsh acidic conditions and 

toxic contaminants.144  Current treatment options often require harsh pH conditions and solvents, while also 

producing more toxic waste.  A biological approach via biomineralization may be a greener and safer 

alternative.  smCSE has already shown biomineralization activity with Cd, Zn, and Pb which are all found 

in relatively large amounts in acid mine drainage.50,145 Additionally, the originating species 

Stenotrophomonas maltophilia displays a degree of tolerance to harsh pH conditions.141 Using a biological 

soil crust approach, I can evaluate smCSE for the reclamation of REEs from acid mine drainage. 

 

Biological soil crusts are made up of a biological agent such as bacteria, fungi, or algae, combined with 

abiotics such as clay.  For our system, I can consider smCSE affixed to a surface, over which acid mine 

drainage will flow.  Ideally, smCSE biomineralization will grow the biological soil crust with mineralized 

Cd, Zn, Pb, and REEs, forming a chunk which can later be collected.  To investigate, I apply a dilute, 

mixture of cadmium acetate and L-cysteine over an IMAC column previously treated with smCSE, noting 

any color changes, fluorescence, or precipitate formation.  Any of these could be indicative of 

biomineralization, with fluorescence being the most easily detectable.  The proposed process is shown in 

Fig. 2C-1.   

 

The same general process can be used for an e-waste slurry.   
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Results 

Approximately 1 mg smCSE was added to an immobilized metal affinity chromatography column pre-

treated with nickel chloride.  Flow through was collected.  To wash the column (and simulate flow) 50 mL 

100 mM HEPES buffer was added to the column and flow through was collected.  Next, 50 mL of 0.5 mM 

cadmium acetate and 4 mM L-cysteine hydrochloride were added to the column and flow through was 

collected.  A UV check of the column did not show any fluorescence.  An additional 50 mL HEPES buffer 

was added to the column and flow through was collected, followed by 50 mL 0.5 mM cadmium acetate and 

4 mM L-cysteine hydrochloride.  The column did not show any fluorescence.  50 mL additional HEPES 

buffer was added to the column then collected.  The column did not show any fluorescence.  At this point 

we have six 50 mL tubes of flow through which were also checked for fluorescence.  No fluorescence was 

observed.  Presumably the protein was bound to the column, but no biomineralization occurred with 

addition of the precursors due to short residence times.   

Step 1           Step 2             Step 3 

Figure 2C-1.  Proposed column biological 
soil crust formation for smCSE and waste 
mixtures.  In step 1, the protein is affixed to 
the column.  In step 2, the waste mixture is 
poured over the column.  In step 3, the REE 
“chunks” are visible and available for 
collection.  Figure made with Biorender.  
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Biomineralization with smCSE usually generates detectable levels of quantum dots (exc 360, em 520 nm) 

starting at the 5 hour mark.  In this test, precursors were only co-incubated with smCSE for a few minutes 

maximum.  Furthermore, the flow through tubes did not show any detectable fluorescence over a week-

long period, indicating that smCSE did not leave the column as precursors flowed over.  From this 

experiment, it seems necessary to increase the exposure of smCSE to precursors.  If done over a column, 

this would mean increasing residence time.  Another approach may be a prolonged incubation in solution, 

similar to the in vitro biomineralization experiments performed in test tubes. 

 

To simulate batch-wise long-term incubation smCSE-soaked filter paper was added to a pool of precursor 

solution in a small petri dish with a non-smCSE filter paper control.  Overnight incubation of these dishes 

did not show any evident reaction or detectable fluorescence.  However, with prolonged incubation over 96 

hours, fluorescence is evident in the smCSE + precursor case (Fig. 2C-2).  Additional precursors were 

added to solution and fluorescence was sustained at 120 hours.   

 

These results suggest that a batch-wise reactor system is more appropriate for applications of smCSE to 

critical mineral extraction than a flow reactor.  Furthermore, it is notable that 96 hours were required to 

visualized detectable fluorescence in these experiments although other work shows smCSE 

biomineralization starting as quickly as 1 hour.  Additionally, no bulk precipitation of CdS was observed 

here, further supporting the premise that the reaction is slowed.  This may be due to the localization of 

smCSE to the filter paper support, although there is not any anchoring mechanism preventing smCSE from 

leaving the filter paper to float freely in solution.  With longer incubation times accompanied by the addition 

of cadmium acetate and L-cysteine precursors, it is likely that bulk CdS precipitation will occur, however, 

over a 7-day incubation period bulk precipitation was not observed.   
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Summary 

The formation of biological soil crusts via precipitation due to enzymatic biomineralization may be 

promising for the reclamation of critical minerals, including rare earth elements.  Here I examine flow-type 

reaction conditions (analogous to an acid mine waste stream) with smCSE to induce precipitation of rare 

earth elements.  The flow-type reaction does not have sufficient retention time of precursor colocalization 

with enzyme, illustrating no visible precipitation (i.e. biological soil crust formation).  The alternate 

approach explored with a batch-type reactor system showed smCSE biomineralization of cadmium on solid 

porous substrate.  Although there was no visible precipitation, biomineralization was exhibited via 

Precursors only smCSE + precursors 

24 hour 
incubation 

96 hour 
incubation 

Added 40 µL 100 mM 
CdAc and 40 µL 250 

mM L-cys  

Added 40 µL 100 mM 
CdAc and 40 µL 250 

mM L-cys   

120 hour 
incubation 

Figure 2C-2.  Small batch reaction of smCSE, cadmium acetate, and L-cysteine as compared to 
cadmium acetate and L-cysteine (no enzyme) conditions over a time-course of several days.  At 
24 hours of incubation, there is no detectable difference in fluorescence between the precursor 
only condition and the smCSE + precursor condition.  Additional precursors were added to each.  
After 96 hours, there is notable difference in fluorescence between the two cases (fluorescence 
manifests as darkness with this imager).   
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fluorescence of CdS quantum dots.  To support biological soil crust formation, longer reaction times and 

increased precursor concentrations should be examined.   
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Materials and Methods 

Protein production and purification 

 pet28a(+) cystathionine gamma-lyase and mutants were transformed into E. coli BL21.  Single colonies 

were picked for starter cultures in LB, grown at 37 °C shaking overnight.  Cultures were centrifuged at 

3,000 x g for 10 minutes and supernatant discarded.  Cell pellet was inoculated in LB with kanamycin 

(minimum 50 mL) and grown to OD600 of 0.6-0.8.  At OD600 > 0.6, isopropyl β-D-1-

thiogalactopyranoside (IPTG) was added to a final concentration of 0.1 mM and flasks moved to 20 °C 

shaking incubator overnight.  Cells were harvested via centrifugation at 3,000 x g for 10 minutes and 

supernatant discarded.  Pellet was resuspended in sonication lysis buffer (5% v/v glycerol (99+%) , 36 mM 

tris HCl, 20 mM tris base, 100 mM NaCl, and 5 mM imidazole) at 5 mL buffer / 1 g pellet.   Lysis was 

performed via sonication at 20% amplitude, for 20 minutes in 20 second on/off pulses.   Lysate was 

centrifuged at 10,000 x g for minimum of 10 minutes, supernatant was collected and filtered with 0.4 µm 

syringe filter then purified via his-tag affinity chromatography.  At this stage, the supernatant is generally 

transparent yellow in color.  Purification fractions were collected and analyzed via 8% SDS PAGE.  

 

Note:  smCSE is insoluble in less than 100 mM imidazole.  Dialysis cannot be performed into an imidazole-

free solution.  Precipitated smCSE can be resolubilized with dialysis into 500 mM imidazole.  For the 

purposes of this work, protein concentrations were measured via A280 with an appropriate imidazole blank.  

 

SDS-PAGE 

8% SDS-PAGE with Blue Precision Plus Protein ladder (Biorad) was loaded with denatured lysates and 

purified samples, run at 110 V for 10 minutes, then 150 V for 1 hour.  For staining, gel was transferred to 

fixing solution with Coomassie blue for at least 30 minutes (0.025% w/v brilliant blue, 7.5% v/v acetic 

acid, 50% v/v ethanol (95%), and 42.5% v/v DI H2O), then de-stained (7.5% v/v acetic acid, 10% v/v 
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ethanol (95%), and 82.5% v/v DI H2O) for 1 hour.  Imaged with colorimetric transillumination on 

Amersham Imager 680.   

 

Native PAGE 

8% Native PAGE with Native Mark Unstained Protein Standard ladder (ThermoFisher) and protein samples 

(>50 mmol/L) was run at 110 V for 2 hours in 1.5x native PAGE buffer (192 mM glycine, 25 mM tris, pH 

8.3). Gel was stained with FASTsilver (G Biosciences) or Coomassie staining solution. For 

biomineralization assay, gel was run normally then cut into three separate pieces and transferred to 

appropriate stains / buffers for 12 hours.  The Coomassie blue stained gel was imaged with colorimetric 

transillumination.  Buffer control and 2 mM CAN gels were imaged at 460 nm excitation to detect 

nanoceria. Fluorescence gels were imaged using an Amersham Imager 680 with semi-automatic exposure.   

 

Silver Stain 

FASTsilver kit from EMD Millipore.  All steps performed on an orbital mixer.  Gel was incubated in 

fixative I (30% ethanol, 10% acetic acid) for at least 30 minutes, then washed twice for 10 minutes each in 

fixative II (10% ethanol).  Next, gel was washed three times for 10 minutes in DI H2O.  Following water 

discard, gel was soaked in sensitizing solution (5 mL silver, 65 µL sensitizer I, 45 mL DI H2O) for 30 

minutes. For 10-20 seconds, gel was rinsed in DI H2O then soaked in developer (2.5 g developer powder, 

32.5 µL sensitizer I, 32.5 µL sensitizer II, 45 mL DI H2O) until bands are visible.  5 mL stopper solution 

(22% acetic acid) was added and gel was left to rock on orbital mixer for 10 minutes. 

 

Site-directed mutagenesis  

Site-directed mutagenesis for H49A and H351A mutants was performed with Monarch Q5 Site-Directed 

Mutagenesis kit (NEB) according to manufacturer’s protocol followed by Q5 KLD reaction and 

transformation into E. coli DH5a.  Transformations were performed via electroporation, quenched with 1 

mL LB, then incubated at 37 °C shaking for at least 1 hour.  Cultures were centrifuged at 3,000 x g for 2 
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minutes to precipitate cells, then cells were resuspended in 100 µL and plated on kanamycin.  Plates were 

incubated at 37 °C overnight.  Colony PCR was performed with T7 and T7term to amplify DNA insert.  

PCR products were purified via Monarch PCR and DNA Clean-up Kit (NEB), then sent to Eurofins 

Genomics for Sanger sequencing. 

 

H49A F – 3’ CAGCCCGGGTGAGGCCCAGGGCTTCGAG 5’ 

H49A R – 3’ CTCGAAGCCCTGGGCCTCACCCGGGCTG 5’ 

Annealing temperature:  62° C, extension time 4 minutes  

 

H351A F – 3’ GCGGTGATGACGGCTGCGTCGATTCCG 5’ 

H35A R – 3’ CGGAATCGACGCAGCCGTCATCACCGC 5’ 

Annealing temperature:  63° C, extension time 7 minutes (shorter extension time would also likely be 

adequate) 

 

Biomineralization of cadmium sulfide 

0.1 mg/mL smCSE, 0.5 mM CdAc, and 4 mM L-cysteine were combined in DI H2O.  Absorbance and 

fluorescence measurements were taken at intermediate intervals.  Fluorescence was measured in with 

BioTek Synergy Neo2 plate-reader at excitation 360 nm and emission 520 nm.  Time course of these 

experiments was varied from 18-36 hours and gain was adjusted from 100 to 50 as needed.   

  

Biomineralization of rare earth elements 

0.1 mg/mL smCSE, 0.5 mM ceria ammonium nitrate and 4 mM L-cysteine were combined in DI H2O.  

Solutions were initially clear.  After 24 hours incubation at room temperature, a blush-colored precipitate 

was evident in ceria samples.  Experiments with lanthanum and neodymium were set up in the same manner.  
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Precipitates formed with lanthanum and neodymium experiments were white.  A minimum of 10 mL total 

biomineralization experiments were combined and centrifuged to isolate sufficient samples for XRD. 

 

H2S generation assay  

This assay was adapted from Bruna, N. et al. (2022).146  Filter paper was soaked in 5% w/v lead acetate 

solution, then dried at 37 °C.  The filter paper was then cut to fit inside the lid caps of tubes used for 

biomineralization assay experiments.  Samples were prepared as 0.1 mg/mL protein and 4 mM L-cysteine 

in DI H2O.  Caps with filter paper were screwed onto samples tubes tightly and samples were allowed to 

react for a minimum of 24 hours.   

 

X-ray diffraction 

Samples were characterized with a Bruker ApexII Duo diffractometer with a Cu 1.54 angstrom source at 

room-temperature with expertise from Dr. Diane Dickey at the UVa XRD Core (instrument funding from 

NSF-MRI program (CHE-2018870)). Sample spectra were compared and matched to standards listed in the 

Inorganic Crystal Structure Database and HighScore Plus. 

 

Extracting REEs via biocrust simulation on column 

1 mg smCSE was added to an immobilized metal affinity chromatography column pre-treated with nickel 

chloride.  Flow through was collected.  Column was washed with 50 mL 100 mM HEPES buffer and flow 

through was collected.   50 mL of 0.5 mM cadmium acetate and 4 mM L-cysteine hydrochloride was added 

to the column and flow through was collected.  Alternating HEPES buffer and cadmium acetate L-cysteine 

hydrochloride solutions were applied to the column for two additional rounds.  Fluorescence on the column 

was checked with a UV flashlight periodically.  Flow through for each fraction was collected and 

fluorescence was checked in subsequent days. 

 

Extracting REEs via biocrust simulation in small batch long-term incubation 



 98 

Filter paper was soaked with purified smCSE.  (Water soaked filter paper was used for control).  3 mL of 

DI H2O were added to a 60 mm diameter plastic dish and the protein-soaked filter paper was added.  40 µL 

100 mM cadmium acetate and 40 µL 250 mM L-cysteine hydrochloride were added to each dish.  Lids 

were placed on dishes and reaction incubation proceeded at room temperature overnight.  Fluorescence was 

measured via imaging with blue excitation and automatic exposure on Amersham Imager 680.   
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Chapter 3:  Identifying microbes and proteins compatible with the harsh conditions 

associated with rare earth elements  

*Portions of this work are described in manuscript “Microbial mineralization with Lysinibacillus 

sphaericus for lithium nanoparticle extraction” 

 

Key Findings 

• Lysinibacillus sphaericus shows PAH degradation  

• Lysinibacillus sphaericus exhibits lithium biomineralization activity 

• Particles mineralized by L. sphaericus are 2 nm LiOH 

• LigFa is not promising for a biosensor via recombinant production in E. coli  

 

Rare earth elements are in high demand for modern technology, however, are difficult to find and identify.  

In this work, I aim to learn more about the microbes and proteins native to REE conditions: 3a) exploring 

microbes native to polycyclic aromatic hydrocarbon (PAH)-rich environments via culture from coal 

samples and evaluating growth with PAHs as carbon source and 3b) probing for any biomineralization 

properties.  While concurrently 3c) modifying acidophilic protein LigFa to bind REEs rather than native 

substrate iron.  

 

Aim 3a 

Hypothesis: Although environmental pollutants are harmful to most life forms, microbes often evolve 

unique adaptations to address these challenges, as is often the case with microbes and environmental 

contaminants.147–149 Therefore, I hypothesize that microbes native to PAH-rich environments (such as coal 

mines), will have unique PAH degradation abilities.   
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Approach:  One obstacle in REE recovery is their entrapment in complex bitumen.  Bitumen is a tarry 

substance made up of PAHs and other viscous hydrocarbon compounds.  By isolating bacterial species 

from coal (a bituminous compound) I select for traits that enable survival and growth in these conditions.  

For this work, a coal sample from western Virginia was mixed with cell growth media, then incubated in 

37 °C shaker overnight.  This solution was then spread on LB agar plates and incubated and grown 

overnight.  Colonies grown were sent for 16s RNA sequencing (Azenta Life Sciences), facilitating the 

identification of several species native to western Virginia coal, as seen in Table 3A-1.     

 

Table 3A-1.  Bacteria identified from western Virginia coal samples 

Prevalence in sampling Species Known characteristics 

20% 

Pseudomonas songnenensis 

Previously identified in alkaline, saline 

environments149 

30% Bacillus aryabhattai Close proximity to plants, endophytic150 

5% 

Bacillus velezensis 

Fresh water and saline environments, 

antimicrobial activity, potential as bio-

fertilizer and bio-pesticide151 

25% 

Lysinibacillus sphaericus 

Hydrocarbon degradation activity, 

endophytic, adsorption of toxic metals152 

 

Each of the above species has been preliminarily identified in other works, with notable tolerance to saline 

and alkaline environments in Pseudomonas songnensis and to a lesser degree in Bacillus velezensis.150–153 

However, since Bacillus velezensis had relatively low prevalence (5%, Table 5), this species will not be 

evaluated in preliminary work.  The limited information available for Bacillus aryabhattai notes association 

with plants,151 which may or may not contribute positively to survival in the harsh conditions associated 
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with REEs.  Most promisingly, Lysinibacillus sphaericus has been previously observed to have 

hydrocarbon degradation activity.152 

 

Preliminary experiments with P. songnenensis, B. aryabhattai, and L. sphaericus in minimal salt media 

with PAHs and short chain hydrocarbons as the only available carbon source show growth of all three 

species.  (PAH aqueous solubility is a challenge and there are different approaches in literature, including 

the L. sphaericus culture to solid PAHs.154)  In this work, I dissolve PAH in heptane, then mix with L. 

sphaericus culture with the hypothesis that soluble PAH is more readily available for L. sphaericus 

consumption.  In the short chain hydrocarbon (no PAH) condition, L. sphaericus seems to have significantly 

more growth than either P. songnenensis, or B. aryabhattai as seen in Fig. 14.  One approach to quantifying 

total growth and the differences between species may be to integrate for the total area under the curve 

(AUC).  Initial AUC calculations for the “Growth in hydrocarbon” condition give L. sphaericus a value of 

11.2, then P. songnenensis and B. aryabhattai values of 4.50, 7.58, respectively. 

 

 

With AUC growth curves in mind, L. sphaericus was chosen for further studies for PAH degradation.  

Growth conditions for L. sphaericus were adapted to 30° C shaking over 48-hour periods.  Nonetheless, 
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Figure 3A-1.  Growth of Lysinibacillus sphaericus, Pseudomonas songnensis, and Bacillus aryabhattai over 
16 hours.  A) Each bacteria are grown in a hydrocarbon and PAH minimal media mixture, B) bacteria grown 
in hydrocarbon minimal media mixture. 
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PAHs continued to be most soluble in heptane, which presents a safety challenge when utilizing a Bunsen 

burner to maintain a sterile environment.  Less flammable solvents were checked for PAH solubility, 

however heptane remained the only available solvent to readily solubilize PAHs.  To mitigate safety 

concerns, PAHs in heptane were handled in a bio-safety cabinet to maintain sterility. 

 

To highlight consumption of PAHs as sole carbon source, 100 µL of 0.1% w/v PAH was added to a final 

volume of 200 µL minimal media– therefore, final PAH concentration was 0.05% w/v.  PAHs examined 

were naphthalene (C10H8) and anthracene (C14H10) dissolved in heptane.  L. sphaericus showed growth with 

both naphthalene and anthracene as sole carbon sources, with an approximate increase of 0.5 in OD600 

over a period of 18 hours.  The compiled curve in figure 3A-2A shows growth of L. sphaericus from an 

OD600 of 0.5 to 1.0, however, other experiments show similar trends with L. sphaericus growth starting at 

0.2, 0.4, or even 0.6.  In each case, OD600 initially dips prior to rising again.  These curves do not show 

the common sigmoidal exponential growth seen with E. coli, instead displaying behavior that is more 

biphasic.   

 

Figure 3A-2.  Lysinibacillus sphaericus growth with A) polycyclic aromatic hydrocarbons as sole carbon source 
and B) LB as a carbon source over a period of 18 hours.  For PAHs, blue shows growth with anthracene while pink 
represents growth with naphthalene.   

0 5 10 15
0.4

0.6

0.8

1.0

1.2

Time (hrs)

O
D

60
0

LysB Growth with Polycyclic Aromatic Hydrocarbons

Anthracene

Naphthalene

0 5 10 15
0.3

0.4

0.5

0.6

0.7

Time (hrs)

O
D

60
0

LB

Lysinibacillus sphaericus growth  
 

PAH as carbon source                                                           LB as carbon source  A               B 



 103 

Biphasic growth may suggest that L. sphaericus initially consume a preferred carbon source before 

transitioning to consuming PAHs.  This behavior is commonly seen with E. coli when two carbon sources 

are present.  In this work, however, L. sphaericus is in minimal media (no carbon source) and heptane 

dissolving the target PAH.  Based on Figure 3A-1 it may be reasonable to extrapolate that the biphasic 

growth is due to a transition between heptane and PAH as carbon sources, as panel A, with both heptane 

and PAH as carbon sources shows growth, decrease, then growth, and panel B, where heptane is the sole 

carbon source shows growth then a decrease.  In other words, the shape of the curve in panel B looks like 

the initial shape of the curve in panel A, but the curve changes in panel A due to the presence of PAH.  

Furthermore, an early consumption of heptane would ultimately result in precipitation of PAH, which has 

not been experimentally observed.  Non-traditional bacterial growth curves are also consistent with cellular 

stress,155–157 which is likely occurring here.  This suggests that although L. sphaericus can grow with PAH 

as sole carbon source, it is not the preferred carbon source, which is especially evident with consideration 

to L. sphaericus growth with LB (Fig. 3A-2B).  With LB as a carbon source, L. sphaericus growth follows 

a trajectory similar to classic exponential growth curves, with an exponential phase followed by a stationary 

phase.   

 



 104 

  

The degradation of naphthalene as monitored by fluorescence (exc. 350 nm, em. 450 nm) was compared 

with L. sphaericus growth (Fig. 3A-3).  Notably, naphthalene undergoes significant fluorescence quenching 

in aqueous solution,158 which provides some explanation to the relatively narrow range in change of 

fluorescence shown here.  With that consideration, there is still notable decline in fluorescence intensity 

over the 18 hour time interval measured.  A simple linear regression curve fit shows a slope of -263, or a 

decline in fluorescence of 263 fluorescence intensity units per hour.  While this is an average value based 

on the entire curve, the decline between 0 and 9 hours is approximately 5,000 fluorescence intensity units 

(over the entire time course, the change is approximately 6,000 fluorescence units), which produces a local 

slope of -556 fluorescence intensity units per hour. 

 

While naphthalene degradation occurs most from hours 0 to 9, the OD600 of the culture does not 

significantly change over the initial 9 hours.  Simple linear regression curve fit of the whole data set gives 

a slope of 0.005 OD600 units per hour, from hours 0 to 9 however there is no change in slope, then from 

hours 9 to 18, the OD600 increases from 0.15 to 0.25.  The relationship between fluorescence and OD600 

shows that fluorescence decreases, i.e. naphthalene is degraded, from hours 0 to 9 while OD600 only 

Figure 3A-3.  Lysinibacillus sphaericus growth with and degradation of naphthalene.  Time-course for L. 
sphaericus growth in minimal media with naphthalene (OD600, left y axis) compared to fluorescence 
intensity (arbitrary units, right y axis). 
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increases from hours 9 to 18.  This illustrates that naphthalene degradation results in cell growth after a lag 

in time.   

 

Preliminary experiments with powderized coal on LB agar plates were performed, but no L. sphaericus 

growth was observed.  Similar experiments in liquid culture visually showed bacterial growth, however, 

analysis opportunities were limited by the presence of coal (i.e. measuring OD600 or other absorbance is 

impossible due to the overwhelming absorbance associated with coal dust). 

 

Summary 

Four species of bacteria were identified via 16s rRNA sequencing of bacteria grown in coal samples.  These 

species were identified as Pseudomonas songnenensis, Bacillus aryabhattai, Bacillus velezensis, and 

Lysinibacillus sphaericus.  The growth of each species in minimal media with PAH as carbon source 

showed that L. sphaericus seems to be capable of the degradation and consumption of PAHs for growth.  

Growth in minimal media with naphthalene or anthracene as PAHs showed biphasic growth curves.  An 

analysis of naphthalene fluorescence during this growth period showed fluorescence loss alongside gain in 

OD600, further supporting the degradation and consumption of PAH for bacterial growth. 

 

Future work 

To further evaluate the possible role of L. sphaericus for bitumen degradation, L. sphaericus growth should 

be characterized in bituminous mixtures.  Preliminary experiments with L. sphaericus and coal in minimal 

media present major challenges in measuring OD600 or separating cells and coal particles.  To 

incrementally evaluate the possibility for bitumen degradation with L. sphaericus, polymer compounds 

such as PEG are being explored.  Additional avenues of experimentation that should be pursued are 1) L. 

sphaericus growth times as it is possible that with longer growth times different degrees of PAH 

degradation will occur and 2) HPLC analysis of breakdown products.  
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Aim 3b 

Hypothesis:  Microbes native to PAH-rich environments, such as coal mines, are also likely exposed to 

metal precursor compounds, and accordingly may also have unique biomineralization adaptations that 

enable their survival.  Previous work by Mangwani, et al. shows heavy metal tolerance accompanied PAH 

tolerance and degradation with Stenotrophomonas acidominiphila,159 therefore it is reasonable to anticipate 

biomineralization may accompany PAH degradation.  

 

Approach:  The four bacteria species previously identified from western Virginia coal mine samples will 

be evaluated for biomineralization activity.  Preliminary experiments will utilize cadmium salts, as 

cadmium is a situationally relevant metal that also displays fluorescent properties when mineralized from 

salt to oxide or sulfide.  This will enable quick in vivo experiments in liquid culture, assuming that the metal 

precursor accesses the cell.  In the case of L. sphaericus, which is reportedly able to adsorb toxic metals, it 

is likely cadmium will be taken up by the cell.   

 

Further exploration with REEs can be conducted with similar methods to Paper, et al.’s work with REEs 

and cyanobacteria, which utilizes ICP-OES to measure the increase in REE concentration over time with 

the cyanobacteria.160 This approach is limited due to the destructive nature of the technique and the 

analytical precision required to evaluate bio-accumulation of REE.  However, if bio-accumulation is 

observed, then XRD will be used to determine if biomineralization has occurred.  Additionally, the degree 

of bio-accumulation will be an important factor to note, in order to evaluate how well our species attract or 

interact with REEs.  Very low levels of bio-accumulation, while interesting, are likely not impactful enough 

to contribute (even in a small portion) to meeting the world-wide demand for REEs. 

 

Results:  Each of the three coal friends evaluated showed some tolerance to ceria ammonium nitrate (CAN) 

on LB-agar plates.  The concentrations of CAN here are greater than the critically toxic concentrations 



 107 

observed with E. coli and silicatein (0.6 mM).  Figure 3B-1. shows L. sphaericus growth in 10 and 100 mM 

conditions, while P. songnensis and B. aryabhattai each have substantial growth in each CAN 

concentration.  Furthermore,  there does not appear to be notable differences in the amount of growth per 

each CAN concentration for P. songnensis and B. aryabhattai.  These results suggest that each of these 

species has some tolerance to CAN, and therefore may be a good candidate for biomineralization.   

 

As a critical mineral, lithium was also used in subsequent screenings.  In preliminary experiments, we 

examined the physical interaction between co-incubation of ceria, lanthanum, neodymium, and lithium salts 

in minimal salt media with L. sphaericus, B. aryabhattai, and P. songnensis.  CAN, lanthanum nitrate, and 

neodymium nitrate each showed precipitation in the media alone.  Therefore, precipitation with the co-

Ceria ammonium nitrate 
         1 mM                          10 mM                    100 mM 

Lysinibacillus 
sphaericus 

Pseudomonas 
songnensis 

Bacillus 
aryabhattai 

Figure 3B-1. Coal friends survival and tolerance to ceria ammonium nitrate.  
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incubation of L. sphaericus, B. aryabhattai, and P. songnensis could not be attributed to an interaction 

between the bacteria and salt.  Lithium chloride, however, did not precipitate in media, and therefore 

precipitation upon co-incubation with L. sphaericus and B. aryabhattai is indicative of a physical 

interaction between the bacteria and salts, suggesting potential biomineralization activity.  Further 

experiments with B. aryabhattai showed no significant precipitation, therefore B. aryabhattai was not 

examined further.  

 

Salts only 

Ceria ammonium 
nitrate 

Lanthanum 
nitrate  

Neodymium 
nitrate      

Lithium 
chloride  

Lysinibacillus 
sphaericus 

Pseudomonas 
songnensis 
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Cells only 

Figure 3B-2.  Coal friends screening with ceria ammonium nitrate, lanthanum nitrate, neodymium 
nitrate, and lithium chloride in liquid culture. 
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Additional experiments co-incubating L. sphaericus with lithium salts showed repeated precipitation after 

24-48 hours.  To quantify the lithium precipitation, we utilized a fluorescent assay where-in the 

complexation of 2-(2-hydroxyphenyl)-benzoxazole (HPBO) with lithium results in quantifiable 

fluorescence.161  Obare and Murphy report selective complexation of lithium with HPBO over sodium and 

potassium,161 which is instrumental in this work to specifically quantify lithium extraction.   

 

Here, we compared the lithium precipitation associated with L. sphaericus and lithium chloride salt in 

minimal salt media.  In Figure 3B-3, lithium recovery with L. sphaericus is approximately 6x increased 

compared to the lithium in media condition.  These results were statistically evaluated with an unpaired t-

test, yielding a p value of 0.0011.  Further, L. sphaericus, lithium chloride, and an equivalent amount of 

sodium chloride in minimal salt media was tested to evaluate possible specificity between L. sphaericus 

and lithium (Fig3B-3B).  In this case, when combined with both lithium and sodium salts, L. sphaericus 

yields approximately 20x more lithium than sodium, indicating that L. sphaericus biomineralizes lithium 

specifically over sodium.     
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To further characterize the lithium precipitated via L. sphaericus, FTIR and TEM were performed on 

precipitates.  FTIR showed strong -OH peaks at 3400 cm-1 as well as additional peaks at 2250, 1650, 1440, 

1050, and 900 cm-1 (Fig 3B-4).  Database spectra for lithium hydroxide show a strong peak at 3600 cm-1, 

broad peak at 2800 cm-1, 2350 cm-1, strong 1600 cm-1, and 1000 cm-1.  With consideration to the relative 

impurity of particles generated with L. sphaericus, the observed 3400 cm-1 peak may correspond with 

reference peaks at 3600 cm-1, broad peak at 2800 cm-1,  observed 1650 cm-1 with reference strong 1600 cm-

1, and observed 1050 cm-1 with reference 1000 cm-1.  These features are consistent with Li(OH).  Notably, 

Li(OH) remained stable in acetonitrile as well as DI H2O for a minimum period of weeks, suggesting that 

there may be biomolecules aiding in stability. 

 

TEM characterization of LiOH NPs showed fairly monodisperse particles of 2.1 (+/- 0.4) nm diameter (Fig 

3B-5).  Fourier transform of particles reveals that they are highly crystalline.  These monodisperse 

crystalline particles further suggest that there are biomolecules interacting on the surface of the particles to 
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stabilize them both chemically and physically.  This is a relatively common occurrence with nanoparticles, 

where-in these biomolecules are known as capping ligands.  Capping ligands impact the final physical form 

of particles.4  Accordingly, we sought to identify the identity of the biomolecules.   

 

With the discovery that L. sphaericus is able to convert lithium salts to relatively stable lithium hydroxide 

nanoparticles and to identify the biomolecules capping particles and potentially guiding biomineralization, 

LC/LC ESI mass spectrometry was used.  SDS-PAGE facilitated the identification of approximate sizes of 

Figure 3B-5. Transmission electron microscopy imaging for lithium hydroxide nanoparticles. 
N=10. Avg diameter 2.1 +/- 0.4 nm. 

Transmission Electron Microscopy 
Lithium precipitate from Lysinibacillus sphaericus 
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biomolecules associated with the particles, showing major bands at approximately 80 kDa, 45 kDa, and 10 

kDa (Fig 3B-6).  With mass spectrometry, several biomolecules were identified, as shown in Table 3B-1.   

 

Although the S-layer homology domain protein has an actual mass of 122 kDa, it was unsurprising that it 

is involved in L. sphaericus biomineralization.  Several previous studies have shown metal affinity with the 

S-layer of L. sphaericus, suggesting that the negatively charged membrane interacts with positively charged 

metal ions.162–166 One of these studies includes the biomineralization of gold nanoparticles with B. 

sphaericus.162  The identification of S-layer homology domain protein is further supported by the apparent 

upregulation of S-layer proteins upon exposure of L. sphaericus with lithium (Supplemental Figure S.3B-

5).  Importantly, not every organism with an S-layer shows ready biomineralization.165  The additional 

SDS-PAGE for concentrated nanoparticles 

80 kDa 
 
 
 
 
 

45 kDa 
 
 
 
 
 
 
 
 
 
10 kDa  

150 kDa 
 

100 kDa 
 
 

75 kDa 
 
 

50 kDa 
 
 
 
 

37 kDa 
 
 
 

25 kDa  

Ladder            Sample 

Figure 3B-6. SDS-PAGE for concentrated LiOH 
nanoparticles. 80, 45, and 10 kDa bands were taken 
for analysis via mass spectrometry.  
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bands shown in Fig 3B-6 at 45 and 10 kDa suggest the involvement of other protein biomolecules in this 

biomineralization process.   

 

 

The proteins identified at 80 kDa were S-layer homology domain protein, catalase, an aldehyde 

dehydrogenase family protein, ATP-synthase subunit alpha, and glyceraldehyde-3-phosphate 

dehydrogenase.  Aldehyde dehydrogenases, ATP-synthases, and glyceraldehyde-3-phosphaete 

dehydrogenases each have known interactions with metal ions, such as magnesium and iron, but also 

copper, cobalt, and lead.167–169 

 

The proteins identified at 45 kDa were Chaperonin-GroEL, peptide ABC transporter substrate-binding 

protein, oligopeptide ABC transporter substrate-binding protein, and catalase.  The presence of Chaperonin-

GroEL peptide is interesting when considered in the context of silicatein and DnaK overexpression.  

Chaperonin-GroEL and DnaK are both chaperone proteins of the same family, and their co-occurrence in 

these separate biomineralization cases may suggest that chaperone proteins play a significant role in 

Table 3B-1. Biomolecules associated with LiOH nanoparticles as identified by ESI-LC-MS/MS 
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biomineralization.  Alternatively, it may suggest that chaperone proteins are able to enhance 

biomineralization, and therefore current biomineralization strategies could be improved with the addition 

of a chaperone.  This premise is indicative that there are a multitude of proteins playing a role in 

biomineralization, such as with silicatein, silintaffins, and silaffins in the native marine sponge.32,170  An 

interplay between multiple proteins and biomolecules may entail that single-enzyme biomineralization is 

not the most efficient way to produce the desired nanoparticles.  Peptide and oligopeptide ABC transporter 

substrate-binding proteins show some roles in binding metal cations and metal detoxification.171–173  

Catalase (which was identified in both 80 and 45 kDa bands) has previously been implicated for 

upregulation in response to high metal stress conditions, and also requires bound iron for native 

activity.174,175  With each of these proteins that natively binds metal cations, it is possible that here there is 

binding promiscuity with lithium, however that does not specifically account for the biomineralization to 

lithium hydroxide nanoparticles.   

 

The proteins identified at 10 kDa were flagellin, Zinc ABC transporter substrate binding protein, and 

HTH/cro/C1 type domain containing protein.  The presence of flagellin (an outer surface protein for the 

cellular chemotaxis) is consistent with the findings of the S-layer homology domain protein, as both are 

displayed on the outside of the cell.  As implied by name, Zinc ABC transporter substrate binding protein 

normally binds zinc.  As an ABC transporter, Zinc ABC transporter can be considered alongside peptide 

and oligopeptide ABC transporters as a metal cation binder and response for cellular metal 

detoxification.171–173 
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Probing the role of the S-layer protein in biomineralization 

Crystalline S-layers are present in a variety of bacteria and 

archaea.165,176  The S-layer can be separated from the cell and 

it’s contents, creating what is known as a “ghost.”176  Figure 

3B-7 shows an SDS-PAGE on ghosts with a band at the 

anticipated molecular weight for S-layer protein.  To evaluate 

the role of the S-layer in LiOH nanoparticle production, we 

performed biomineralization assays with live L. sphaericus 

(positive control), UV-killed L. sphaericus, and L. sphaericus 

ghosts.  If the S-layer entirely mediates biomineralization of 

LiOH nanoparticles, we would anticipate UV-killed L. 

sphaericus and L. sphaericus ghosts to produce equal amounts 

of LiOH nanoparticles as live L. sphaericus.  If UV-killed and 

ghosts produce less LiOH nanoparticles, this suggests that the 

live cell (i.e. some metabolic process characteristic of the live cell) is necessary.  For these experiments, 

the amount of L. sphaericus, UV-killed L. sphaericus, and ghosts was normalized by OD600 at the 

beginning of biomineralization experiment.  This is not a perfect metric, as it is plausible that ghosts absorb 

differently at 600 nm than live L. sphaericus, but it seems to be the most practical method given the 

alternatives.  One alternative is to measure total protein concentration in each solution via Bradford or BCA 

assay.  While this alternative may seem appealing, we must consider that the live L. sphaericus condition 

will always have a higher concentration of total protein than a ghost condition because live L. sphaericus 

has the S-layer protein and the entire protein contents of the cell, while ghosts will only have the S-layer 

and associated proteins.  Therefore, normalizing by total protein concentration in this way will effectively 

result in more ghosts than total S-layer in the live cell condition.  Normalizing the relative amount of S-

layer in each solution is further complicated by the probability that the cells in live L. sphaericus grow over 

the 48-hour biomineralization period.  Therefore, even if normalized at the beginning of the experiment, 

15  
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Figure 3B-7.  SDS-PAGE gel for 
ghost extraction.  MW of ghost 
proteins is anticipated at 
approximately 125 kDa.  Band 
highlighted by red arrow is at 
approximately 125 kDa.     

Ladder         Ghosts 
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there will be a different amount of cells and S-layer protein at the end of the experiment.  Accordingly, 

although normalizing via OD600 is not perfect, it is simple and sufficient for this preliminary work (Table 

3B-2).   

 

Table 3B-2.  Normalizing L. sphaericus cells and ghosts via OD600 for biomineralization experiments.   

 OD600 OD600 OD600 

500 µL live L. sphaericus 0.042 0.007 0.027 

50 µL live L. sphaericus 0.004 0.005 0.004 

5 µL live L. sphaericus 0.003 0.004 0.002 

No cells (LiCl only) 

condition 

0.004 0.006 0.005 

500 µL UV-killed L. 

sphaericus 

0.035 0.005 0.021 

50 µL UV-killed L. 

sphaericus 

0.003 0.005 0.003 

5 µL UV-killed L. 

sphaericus 

0.005 0.010 0.003 

20 µL Ghosts 0.005 0.008 0.004 

10 µL Ghosts 0.003 0.006 0.005 

 

Summary 

With the rationale that microbes native to PAH-rich environments, such as coal mines, are also likely 

exposed to metal precursor compounds, this work identifies L. sphaericus from a western Virginia coal 

mine sample to evaluate biomineralization potential.  Screening ceria ammonium nitrate, lanthanum (III) 

nitrate, and neodymium (III) nitrate did not reveal any notable interactions between L. sphaericus and these 
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salt species.  Lithium chloride was also examined, as lithium is classified as a critical mineral 

worldwide.177,178  When L. sphaericus is co-incubated with lithium chloride, an insoluble precipitate forms 

after 48 hours.  Here I show that this precipitated lithium species is lithium hydroxide, that L. sphaericus 

preferentially biomineralizes lithium over sodium, and that this lithium hydroxide is in the form of discrete 

2 nm particles.  To further identify the individual proteins involved in this biomineralization process, ESI-

LC-MS/MS was performed on LiOH nanoparticles, revealing 10 candidate proteins.  One of these proteins 

was identified as S-layer homology domain containing protein, and as S-layers have been previously 

identified as potential metal ion interactors, we explored the role of S-layer ghosts for lithium hydroxide 

biomineralization.  The precise proteins and mechanism of LiOH biomineralization with L. sphaericus is 

the focus of future work.   

 

Future work 

In order to determine if the whole cell, multiple proteins, or a single protein are necessary for lithium 

biomineralization and precipitation, each protein identified via mass spectrometry should be recombinantly 

expressed and evaluated individually (primers for amplification from genomic DNA are listed in Materials 

and Methods).  Following individual evaluation of each, it may be beneficial to explore different 

combinations of the proteins.  These experiments would be helpful in elucidating the mechanism of 

biomineralization, however may not be necessary for the direct application of L. sphaericus for lithium 

extraction.  Preliminary experiments with high salt concentrations have been designed to evaluate the 

survival of L. sphaericus in a salt brine.  This endeavor is complicated by the lack of reporting associated 

with salt brine compositions, as well as solubility challenges when mixing ultra-high concentrations of salts.  

To expedite this line of questioning, it would be advantageous to collect small samples from real lithium-

extraction salt brines.  This would allow for the evaluation of L. sphaericus to real-world salt concentrations 

as well as aiding in the understanding of what L. sphaericus applications within a salt brine might look like.   
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Aim 3c 

Hypothesis:  LigFa, an acidophilic protein from extremophile Ferroplasma acidiphilium, will bind rare 

earth elements (REEs) in place of natural substrate iron, while retaining optical activity.   

 

Approach: A field use biosensor for REEs that could be deployed in acid mine drainage, e-waste, or other 

hostile environments would be most user-friendly.  The low pHs characteristic of these circumstances 

present a challenge for the use of biologics, generally used at more neutral pHs.179 To address this challenge 

first and foremost, and to design a biosensor that does not require extensive work-up of the sample prior to 

testing, I looked to acidophiles and associated proteins.179  Ferroplasma acidiphilium is an acidophile with 

a purple DNA ligase (LigFa) generally found in environments of approximately pH 3. Iron is necessary for 

LigFa structure and function, with nearby tyrosine interactions resulting in the visible purple coloration.69 

Purple therefore serves as an optical indicator that iron is present with the protein.  Acid tolerance and 

observable signal are both desirable properties for an REE biosensor.   

 

Previous work with LigFa substituted iron for other elements (Cr(III), Al(III), W(IV)), observing limited 

colorimetric and functional changes.69 Here, I will perform substitution of iron with REEs, monitoring 

changes in colorimetric properties.  Importantly, previous work with LigFa required extremely high 

concentrations (100 mg/mL) to visually observe purple coloration.69 

 

Results 

In this work, LigFa was produced recombinantly in E. coli with IPTG induction, then purified by pH, 

dialysis, and lyophilization.  The enzyme was resuspended in 10 mM citrate buffer (pH 3), then dialyzed in 

ferric nitroacetate (pH 3).  Thus far, efforts to produce recombinant LigFa have yielded very low levels of 

protein, however sufficient amounts for detection with immunoblotting, as shown in Fig. 3C-1.  Ferrer et. 

al do not specify any challenges with recombinant production of LigFa in E. coli, detailing a standard 
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procedure with LB growth media, IPTG-induction at OD600 of 0.6, and low temperature (20° C) overnight 

incubation.69  With this protocol, we were able to produce recombinant LigFa and detect purple coloration 

via UV-Vis, as displayed in Fig. 3C-1.  To increase protein expression, we varied media from LB to TB, 

induced at OD600 of 0.8, and varied temperature for induction.  None of these changes resulted in 

significantly increased protein expression.  Subsequent concentration of protein never exceeded 70 mg/mL 

for 1 mL. 

 

Table 3C-1.  LigFa concentrations for various samples.  Sample volumes were approximately 1 mL. 

Sample Concentration (mg/mL) 

7/14 7.6 

7/26 60.6 

7/27 62.5 

8/2 5.7 

8/12 2.7 

8/15 10.3 

8/18 4.5 

8/22 1.2 

8/24 2.0 

9/8 6.2 

  

Even with 70 mg/mL, no purple coloration was observed.  Importantly,  previous work with LigFa required 

extremely high concentrations (100 mg/mL) to visually observe purple coloration.69  Although purple 

coloration could not be observed visually here,  we were able to show absorbance at 564 nm via UV-vis 

(Fig. 3C-1, 3C-2). 
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For application of this protein as a biosensor ease of protein expression is fundamental.  Furthermore, visible 

changes in coloration (with the eye) would be preferrable to changes in color that must be detected with 

instrumentation. 

 

 

There is limited literature available concerning Ferroplasma acidiphilum and genetic engineering, however 

another species, Acidothiobacillus ferrooxidans, which is also found in acid mine drainage has been of 

interest for genetic engineering.  Early reports from the 1990s suggest that recombinant expression of an A. 

ferrooxidans gene for protein expression in E. coli is relatively straightforward, with optimization of 

different media, temperatures, and IPTG concentrations.180  Other reports of recombinant protein 

production with proteins originally from A. ferrooxidans or F. acidarmanus detail difficulty producing 

target proteins in E. coli, often with poor final yields and solubility.181,182  One possibility is that LigFa 

undergoes post-translational modifications in F. acidiphilum which are not reproduced in E. coli.  Various 

extremophile bacteria (ranging from deep sea vents to acid mine drainage) are capable of post-translational 

modifications.183,184  While F. acidiphilum and LigFa specifically have not been evaluated for post-

translational modifications, this is one possibility that might explain the difficult recombinant production 

Yellow 76 

Purple 52 

Figure 3C-1. A)  Western blot for purified recombinant LigFa.  The full-length protein has an 
anticipated MW of 77 kDa.  Amersham rainbow ladder shows 76 kDa in yellow and 52 kDa in 
purple.  B) Absorbance at 564 nm shows LigFa has significantly greater absorbance than a buffer-
only blank as analyzed with a two-tailed unpaired t test, t=2.976, df=18, p<0.01.    

Blank Enzyme
0.0

0.5

1.0

1.5

Absorbance at 564 nm

A
bs

or
ba

nc
e

✱✱

A B 



 122 

in E. coli.  If this is the case, it may be valuable to try recombinant production of LigFa in yeast or 

cyanobacteria, both of which are capable of post-translational modifications.   

 

Another alternative is engineering F. acidiphilum, or more likely A. ferrooxidans, for greater production 

and possible secretion of LigFa.  Work by Jung et al. 2023 genetically engineers A. ferrooxidans for the 

production of lanmodulin protein originally from Methylorubrum extorquens.185  This successful example 

of recombinant protein production in A. ferrooxidans is promising for genetic engineering of this 

extremophile.  Further, recent work by Kanao, et al. 2023 genetically engineer A. ferrooxidans tetrathionate 

hydrolase promoter for recombinant protein production.186  Since A. ferrooxidans is also an acidophilic 

species (like F. acidiphilum), recombinant production of acidophilic LigFa may be possible with increased 

ease.  This is especially likely if proper folding for LigFa is acid-dependent.  Although Ferrer, et al. report 

that LigFa expression is not acid-dependent,69 our work has not been able to reproduce results to support or 

refute this claim.   
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Figure 3C-2.  Absorbance of LigFa compared to a buffer 
only solution.  LigFa curve is comparable to what has been 
previously reported by Ferrer, et al.  
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Summary 

LigFa is an exciting protein due to its reported purple coloration.  However, as we have not been able to 

reproduce the results of Ferrer, et al. to consistently recombinantly produce LigFa in E. coli, it is not 

promising as a biosensor.  If the protein expression challenges can be overcome, it may be valuable to 

pursue further.   
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Materials and Methods 

16s rRNA sequencing was performed at Azenta with whole colony samples.  Annotated results for L. 

sphaericus sample shown in Table 3M-1. Below. 

 

Table 3M-1.  Annotated results for L. sphaericus 16s rRNA sequencing from Azenta.   

Each of the following identifications were made based on a 99% sequence similarity to 16s rRNA 
submitted. 
ggccaacctacccnnatagtttgggatanntccgggaaaccggggctaatnccganntantcttttgtntntcatganncaattctgaaagacgnntt
cggctgtcgctataggatgggcccgcggcgcattagctagttggtgaggtaacggctcaccaaggcaacgatgcgtagccgacctgagagggtga
tcggccacactgggactgagacacggcccagactcctacgggaggcagcagtagggaatcttccacaatgggcgaaagcctgatggagcaacgc
cgcgtgagtgaagaaggatttcggttcgtaaaactctgttgtaagggaagaacaagtacagtagtaactggctgtaccttgacggtaccttattagaaa
gccacggctaactacgtgccagcagccgcggtaatacgtaGGTGGCAAGCGTTGTCCGgAAttattgggcgtAaagcgcgcgc
aggtggtttcttaagtctgatgtgaaagcccacggctcaaccgtggagggtcattggaaactgggagacttgagtgcagaagaggatagtggaattc
caagtgtagcggtgaaatgcgtagagatttggaggaacaccagtggcgaaggcgactatctggtctgtaactgacactgaggcgcgaaagcgtgg
ggagcaaacaggattagataccctggtagtccacgccgtaaacgatgagtgctaagtgttagggggtttccgccccttagtgctgcagctaacgcatt
aaGcactccgcctggggagtacGGtcgcaaGaCTGaAACTCAAAggaattgacgggggcccgcacaagcggtggagcatgtggttt
aattcgaagcaacgcgaagaaccttaccaggncttgacatcccgttgaccactgtagagatatggttttcccttcg 
Identification Strain Notes 

L. sphaericus NBRC 15095 NBRC 15095, DSM-28, ATCC-14577, and 

IAM13420 are all genetically identical187,188  

 

L. sphaericus DSM 28 NBRC 15095, DSM-28, ATCC-14577, and 

IAM13420 are all genetically identical187,188  

 

L. mangiferihumi M-GX18 Genome not sequenced.  16s rRNA is 98.5% identical 

to L. sphaericus189 

L. sphaericus ATCC 14577 NBRC 15095, DSM-28, ATCC-14577, and 

IAM13420 are all genetically identical187,188  

 

L. sphaericus IAM 13420 NBRC 15095, DSM-28, ATCC-14577, and 

IAM13420 are all genetically identical187,188  
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L. fusiformis NBRC 15717 Although 16s rRNA sequences are similar to those of 

L. sphaericus, the genome is only approximately 50% 

identical.190 

L. fusiformis DSM 2898 Genetically identical to NBRC 15717 according to 

NBRC catalogue 

(https://www.nite.go.jp/nbrc/catalogue/NBRCCatalo

gueDetailServlet?ID=NBRC&CAT=15717) 

L. parviboronicapiens NBRC 103144 Synonymous with BAM 582 according to NBRC 

catalogue 

(https://www.nite.go.jp/nbrc/catalogue/NBRCCatalo

gueDetailServlet?ID=NBRC&CAT=00103144) 

L. parviboronicapiens BAM-582 Synonymous with NBRC 103144 according to NBRC 

catalogue 

(https://www.nite.go.jp/nbrc/catalogue/NBRCCatalo

gueDetailServlet?ID=NBRC&CAT=00103144) 

 

 

Polycyclic aromatic hydrocarbon degradation screening  

1.5% agar M9 minimal media plates were covered with 500 µL heptane containing 0.1% w/v anthracene, 

naphthalene, or phenanthrene.  Solvent was allowed to evaporate.  Saturated cell cultures were spread on 

plate, followed by incubation at 37 °C overnight. 

 

Polycyclic aromatic hydrocarbon degradation  
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 In a 96-well plate, 100 μL minimal salt media, 50 μL heptane with 0.1% w/v PAH, and 50 μL cells were 

added to each well.  Cells were prepared by growing to saturation over two days, spun down at 3,000 x g, 

and resuspended in DI H2O for a target OD600 of ~0.2 - 0.4.  Plate was covered with a semi-permeable seal 

and incubated at 30 °C for a period of 18 hours, reading OD600 every 15 minutes.   

 

Biomineralization screening plates  

LB-agar media plates were treated with varying concentrations of ceria ammonium nitrate and let dry.  

Saturated cell cultures were applied to plate, followed by incubation at 37 °C overnight.  Plates were 

checked for growth, then replaced in incubator for additional 24-hour incubation.   

 

Biomineralization screening in liquid culture  

DI H2O and 1 mM precursor salt were mixed in a sterile 15 mL tube.  Saturated starter culture was 

centrifuged, supernatant was discarded, and pellet was resuspended in DI H2O.  500 µL cells were added 

to precursor salt solution.  Mixture was incubated at 37 °C overnight shaking. 

 

Minimal Salt Media (autoclave before use)  

• 2g Na2SO4 / L 

• 2.7g NaH2PO4xH2O / L 

• 1 g (NH4)2) citrate / L 

Fill to desired volume with DI H2O 

• Then 2 mL/L:  0.5 g CaCl2x2H2O, 0.18g ZnSO4 x 7H2O, 0.1 g MnSO4 x H2O, 20.1 g Na2-EDTA, 

16.7 g FeCl3x6H2O, 0.16g CuSO4x5H2O, 0.18g CoCl2x6H2O.  

  

HPBO lithium quantification assay 
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A 5 mL culture with L. sphaericus and 170 mM final concentration lithium chloride was incubated at 37° 

C shaking for 48 hrs.  Culture was transferred to a 50 mL centrifuge tube and spun at 10,000 x g for 30 

minutes.  Supernatant was discarded and pellet was dried.  Pellet was resuspended in 200 µL acetonitrile.  

A stock solution of 1 mM triethylamine and 4 mM 2-(2-hydroxyphenyl)-benzoxazole in acetonitrile was 

used to make a standard curve with LiCl content of 0.1 µmoles to 0 moles.  5 µL of sample was combined 

with 145 µL stock solution and fluorescence was read at 392 nm excitation and 428 nm emission.   

 

CoroNa Geen sodium quantification assay 

A 5 mL culture with L. sphaericus and 170 mM final concentration sodium chloride was incubated at 37° 

C shaking for 48 hrs.  Culture was transferred to a 50 mL centrifuge tube and spun at 10,000 x g for 30 

minutes.  Supernatant was discarded and pellet was dried.  Pellet was resuspended in 200 µL acetonitrile.  

A standard curve with high content of 0.1 µmoles NaCl was prepared in DI H2O.  Five µL of sample was 

combined with 145 µL stock solution and CoroNa Green dye (Thermofisher, C36675) was added to all 

wells at a final concentration of 0.013 µM.  After 30 min incubation at room temperature, fluorescence was 

read at 492 nm excitation and 516 nm emission.  

 

Fourier Transform Infrared Spectroscopy  

As for HPBO, following L. sphaericus biomineralization with lithium chloride, culture was transferred to 

a 50 mL centrifuge tube and spun at 10,000 x g for 30 minutes.  Supernatant was discarded and pellet was 

dried.  Pellet was resuspended in 200 µL acetonitrile.  A PerkinElmer FT-IR Spectrometer “Frontier” with 

Universal ATR Sampling Accessory (PerkinElmer) was blanked with acetonitrile followed by reading 

with sample.  Spectrum was compared to those in SciFinder Spectral Database.   

 

Transmission Electron Microscopy 
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Mineralized lithium was precipitated via centrifugation at 20,000 × g for 30 minutes. The supernatant was 

discarded and precipitates dried, then resuspended in 10 mM citrate buffer (pH 3.0).  100 µL samples were 

applied to TEM sample grid and let dry at room temperature.  Samples were examined with FEI Titan 80-

300 Transmission Electron Microscope.  Image analysis and particle size measurement conducted with 

ImageJ. Utilization of the FEI Titan 80-300 Transmission Electron Microscope within UVa's Nanoscale 

Materials Characterization Facility was instrumental to this work. Dr. Grayson Johnson performed image 

acquisition and assistance with data analysis. 

 

SDS-PAGE  

A 50 mL culture with L. sphaericus and 170 mM final concentration lithium chloride was incubated at 37° 

C shaking for 48 hrs.  Culture was transferred to a 50 mL centrifuge tube and spun at 10,000 xg for 30 

minutes.  Supernatant was discarded and pellet was dried.  Pellet was gently resuspended in acetonitrile, 

diluted to 20% with DI H2O then lyophilized for approximately 48 hrs.  Lyophilization product was yellow 

powder.  Lyophilization product was resuspended in 20 mL DI H2O, then approximately 20 uL were loaded 

on a standard 8% resolving SDS PAGE gel.  The gel was run at 110 V for 10 minutes then 150 V for 1 hr.  

The gel was removed and stored in a Ziploc bag with DI H2O at 4°C.   

 

Ghost separation 

Ghost separation protocol adapted from Pfeifer, et al. (2022).176  L. sphaericus starter culture was grown to 

saturation overnight at 37°C shaking.  Cells were pelleted via centrifugation at 2,000 x g for 30 minutes.  

Supernatant was discarded, and cell pellet was resuspended in 1/5 original culture volume (i.e. if original 

culture was 5 mL, resuspension volume is 1 mL) buffer A (10 mM NaCl, 0.5% w/v sodium 

lauroylsarcosine).  Incubated at 37 °C shaking for 1 hour.  Added 1 mM PMSF, 10 µg/mL DNAse I.  

Centrifuged at 20,000 x g for 30 minutes.  Discarded supernatant, resuspended in equal volume buffer B 

(10 mM NaCl, 0.5 mM MgSO4, 0.5% w/v sodium dodecyl sulfate).  Incubated at 40°C shaking for 1 hour.  



 129 

Centrifuged at 20,000 x g for 30 minutes.  Discarded supernatant, resuspended in equal volume buffer B.  

Repeated incubation and centrifugation with buffer B for a total of 3 times.  After final centrifugation and 

discarded supernatant, rinsed pellet with DI H2O.  Resuspended in DI H2O, measured A280.  Extinction 

coefficient 177,600 M-1 cm-1.176  Ran on SDS-PAGE gel, anticipated molecular weight 122 kDa.166  

 

Mass spectrometry  

ESI-LC-MS/MS was performed at Virginia Commonwealth University Massey Cancer Center according 

to the following methods: “Sample Preparation:  The protein bands were excised from the gel cut into 

equal size cubes (approximately 1mm) then transferred to an eppendorf tube. The gel pieces were washed 

with 80% acetonitrile (ACN) for 10 minutes, followed by a H2O wash for 10 minutes. Gel pieces were then 

dehydrated with 50% ACN for 5 minutes, then vacuum centrifuged for 20 minutes. Samples were then 

rehydrated with 20 mM DTT and incubated for 1 hour at 56°C. Followed by 60 mM iodoacetimide for 45 

minutes in the dark. The pieces were dehydrated with 50% ACN for 10 minutes, then vacuum centrifuged 

for 20 minutes. To rehydrate the gel cubes, samples were then incubated for 10 minutes in 20 μl of 12.5 

ng/μl trypsin in 100 mM ammonium bicarbonate (AB). The gel pieces were then overlaid with 30 μl 100 

mM AB and allowed to digest for 2 hours at 37°C. The digests were collected into fresh tubes for subsequent 

MS analysis.  LC-MS/MS: All samples were analyzed using a Q Exactive HFX (Thermo) coupled to an 

Easy nLC 1200 (Thermo).  Data Analysis: The LC-MS system consisted of a Thermo Electron Q-Exactive 

HF-X mass spectrometer with an Easyspray Ion source connected to an Acclaim PepMap 75μm x 2cm 

nanoviper C18 3μm x 100Å pre-column in series with an Acclaim PepMap RSLC 75μm x 15cm C18 2μm 

bead size (Thermo Scientific). Two μl of peptides were injected onto the column above. Peptides were 

eluted from the column with an 80%ACN 0.1% formic acid gradient at a flow rate of 0.3μl/min over 1 hour. 

The nano-spray ion source was operated at 1.9 kV. The digests were analyzed using the rapid switching 

capability of the instrument thus acquiring a full scan mass spectrum to determine peptide molecular 

weights followed by product spectra (15 High Energy C- trap Dissociation HCD spectra). This mode of 

analysis produces approximately 50,000 MS/MS spectra of ions ranging in abundance over several orders 
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of magnitude. Not all MS/MS spectra are derived from peptides. The data were analyzed by database 

searching using the Sequest HT search algorithm using a custom Lysinibacillus databases downloaded from 

Swiss Prot.  The data was processed with Proteome Discoverer 3.0.” 

 

Primers for L. sphaericus genomic DNA amplification of target proteins 

Chaperonin GroEL – 1635 bp, 35°C 

5’ TTACATCATGCCGCCCAT 

5’ TACCGTTTTCTGTAA 

 

Flagellin – 849 bp, 46°C 

5’ ATGCTTGGTAAGTGGTCT 

5’ AAATCATAGCCCCTAAGGA 

 

Zinc ABC transporter – 915 bp, 37°C 

5’ CTACTTTAATGCATCGAC 

5’ TACTTTGCAAAAAATCC 

 

Peptide ABC transporter – 1656 bp, 33°C 

5’ TTATTTAGCGTCTAAATC 

5’ TACTTATTCTTGTTTTTC 

 

Oligopeptide ABC transporter – 1728 bp, 36°C 

5’ ATGAAAAAGACAAAAACA 

5’ AATGAGTTGTTACACGGT 
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Catalase – 1518 bp, 39°C 

5’ TTAGATGTTTGCTACTTG 

5’ TACTGTTTGCGTTTACTA 

 

S-layer domain – 4248 bp, 34°C 

5’ ATGGATAAAACAAAAATC 

5’ AATAACACAAGATCCAAC 

 

Aldehyde dehydrogenase family protein – 1521 bp, 38°C 

5’ TTAGAAGAAACCAAGTTT 

5’ TACCAAATACGTAAAGGT 

 

ATP-synthase subunit alpha – 1509 bp, 38°C 

5’ ATGGGCATCAAGGCTGAA 

5’ AATAAGACTAAATCGCTTT 

 

Glyceraldehyde 3 phosphate dehydrogenase – 1023 bp, 36°C 

5’ TTATGCGTTAACTGTTTC 

5’ TACTGTCATAGTCAAC 

 

Protein production and purification 

pet28a(+) LigFa was transformed into E. coli BL21.  Single colonies were picked for starter cultures in LB, 

grown at 37 °C shaking overnight.  Cultures were centrifuged at 3,000 x g for 10 minutes and supernatant 

discarded.  Cell pellet was inoculated in LB or TB with kanamycin (minimum 50 mL) and grown to OD600 

of 0.6-0.8.  At OD600 > 0.6, isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final 
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concentration of 0.1 mM and flasks moved to 20 °C shaking incubator overnight.  Cells were harvested via 

centrifugation at 3,000 x g for 10 minutes and supernatant discarded.   

 

Pellet was resuspended in sonication lysis buffer (5% v/v glycerol (99+%), 36 mM tris HCl, 20 mM tris 

base, 100 mM NaCl, and 5 mM imidazole) at 5 mL buffer / 1 g pellet.   Lysis was performed via sonication 

at 20% amplitude, for 20 minutes in 20 second on/off pulses.   Lysate was centrifuged at 10,000 x g for 

minimum of 10 minutes, supernatant was collected and filtered with 0.4 µm syringe filter then purified via 

his-tag affinity chromatography.  Purification fractions were collected and analyzed via 8% SDS PAGE.  

 

For quicker protein purification, the pellet was resuspended in 10 mM citrate buffer (pH 3.0), then 

transferred to dialysis (MWCO 50 kDa) in 10 mM citrate buffer overnight.  Dialysis sample then 

centrifuged at 10,000 xg for 5 min to separate insoluble precipitate.  Supernatant was then concentrated 

with Centricon YM10 membrane spin columns (Sigma) at 14,000 xg for 20 minutes.   

 

Dialysis into Fe(NTA)2 

0.1 M freshly prepared Fe(NTA)2 was used for dialysis (MWCO 50 kDa) for 1 hour at RT.  Dialysis packet 

was then transferred to extensive dialysis in 100 mM citrate buffer (pH 3.0).   

 

100mM Fe(NTA)2 – 0.04 M FeCl3, 0.08 M Nitrilotriacetic acid sodium salt – for 1 L 10.g FeCl3, 18.8g 

Nitrilotriacetic acid sodium salt 

 

100 mM Citrate buffer (pH 3.0) – for 250 mL 4.35 g citric acid, 0.69 g trisodium citrate dihydrate 

 

Protein concentration measured via A280.   
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Chapter 4:  Silicatein Expression in Cyanobacteria 

*This work was done in collaboration with USAFA researchers Dr. J. Jordan Steel and Ms. Melanie 

Grogger. 

 

Key Findings 

• Designed and transformed CyanoGate silicatein construct into 3 cyanobacterial strains 

• Growth of eGFP-sil pSyn6 in PCC 7942 showed GFP fluorescence 

• Evaluated cyanobacterial tolerance to ceria ammonium nitrate as foundation for biomineralization 

assays 

• Designed pAM1954-eGFP-silicatein plasmid for Anabaena PCC 7120 

 

Background:  Cyanobacteria, also known as blue-green algae, are an exciting prospect as a 

biotechnological tool because they perform photosynthesis.73–75 Pairing photosynthesis with whatever the 

desired outcome is provides the added benefit of CO2 consumption and O2 production.  Although 

cyanobacteria are often referred to generally, it can be important to distinguish the different characteristics 

associated with each strain.  For example, Synecococchus elongatus PCC 7942 is an autotrophic strain that 

grows best at 38° C.  In contrast, Anabaena variabilis PCC 7120 is an autotrophic, nitrogen-fixing strain 

that grows best at 30° C.73  Therefore, for a study examining nitrogen-fixation, PCC 7120 should be chosen 

over PCC 7942.   

 

Cyanobacteria differ from E. coli as a biotechnological tool primarily due to their longer doubling times 

and strain-specific growth conditions.  However, an important distinction that should be considered in the 

case of silicatein is cyanobacteria’s ability to perform post-translational modifications.76  In marine sponges, 

silicatein undergoes phosphorylation at several sites.191–193  E. coli are not able to perform post-translational 

modifications, and therefore in vitro recombinant protein production of silicatein in E. coli yields a protein 
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without phosphorylation.  Introducing the silicatein gene in cyanobacteria for recombinant protein 

production enables the post-translational phosphorylations to take place, and may therefore yield a protein 

with added stability or increased activity.  To date, there are not any studies which directly compare 

recombinant non-post-translationally modified silicatein with a post-translationally modified silicatein.    

An additional difference between the bio-engineering of cyanobacteria and E. coli is the option to 

incorporate genes directly into the genome, known as an in cis genetic transformation, or as a plasmid, 

which is known as an in trans genetic transformation.73  In cis gene-editing entails integration directly into 

the chromosome, which suggests some degree of stability.194  In addition, with integration into the 

chromosome there is not the need to maintain selective pressure indefinitely.194  The major drawback to 

integration into the chromosome, however, is often low levels of gene expression, which can be problematic 

for recombinant protein expression.  In contrast, in trans gene-editing requires the transformation and 

maintenance of a foreign plasmid within the cell.  Maintaining the plasmid requires constant selective 

pressure, but enables more control of the desired gene expression. 

 

Hypothesis:  Silicatein expression in cyanobacteria will enable carbon-negative biomanufacturing of 

REEs.   

 

Approach:  This work utilizes three strains of cyanobacteria:  S. elongatus UTEX 2973, S. elongatus PCC 

7942, and Anabaena PCC 7120.  UTEX 2973 is relatively fast-growing, known to have an equivalent 

biomass production rate of S. cerevisae.77 PCC 7942 is a model cyanobacterium that has been previously 

used in many studies, and Anabaena PCC 7120 is nitrogen-fixing.  Each of these cyanobacterial species 

have the potential to grow and thrive in austere environments such as space.  In fact, recent work by 

Ramalho, et al. 2022 shows promising survival and growth of PCC 7120 with martian regolith as well as 

tolerance to toxic perchlorates.79  Furthermore, Ramalho, et al. show the growth of E. coli from 

cyanobacterial lysates, suggesting that cyanobacteria may be able to support additional life in space.79   

 



 135 

In order to efficiently express silicatein in these different strains, we utilized the CyanoGate modular 

cloning system to generalize plasmid vector and promoter.195  With CyanoGate, we chose active promoter 

cpc560 which is light inducible and has been previously shown to successfully overexpress protein.196  As 

a secondary approach, we also cloned silicatein into pAM1954-eGFP, which can be applied in PCC 7120 

then easily screened for with eGFP fluorescence.    

 

Results:   

The CyanoGate modular cloning system is similar to Golden Gate or BioBrick cloning strategies. For 

successful expression in cyanobacteria, the up-flank, promoter, terminator, and down-flank parts must be 

considered carefully, in addition to linkers between up-flank and promoter then terminator and down-flank.  

The parts selected for this work are shown in Table 4-1.    

 

 

 Part number Part 

Initial plasmid pCA0.002 From pSB4K5 backbone, 

kanamycin resistance, accepts 

initial constructs 

Up-flank  pc0.024 Sequence upstream of cpc 

operon from pICH41295 

backbone 

Up-flank linker pc0.117 From pICH41331 backbone 

Promoter pc0.005 Pcpc560 

Terminator pc0.078 Tcpc_operon 

Down-flank linker pc0.118 From pICH41331 backbone 

Table 4-1.  Selected CyanoGate parts 
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Down-flank pc0.025 Sequence downstream of cpc 

operon from pICH41276 

backbone 

Acceptor plasmid pCAT.000 From pPMQAK1 backbone, 

ampicillin and kanamycin 

resistance 

 

 

Each part is initially contained in an individual plasmid in E. coli DH5a.  Glycerol stocks were streaked 

and let grow at 37° C overnight.  Starter cultures were grown to saturation overnight and DNA was 

miniprepped.  With mini-prepped DNA, a series of 4 reactions could be set up with Golden Gate cloning 

techniques. 

CG1 – pCA0.002, pC0.024, pC0.117 

CG2 – pcA.002, pC0.005, silicatein, pC0.078 

CG3 – pCA0.002, pC0.118, pC0.025 

CG4 – pCAT.000, CG1, CG2, CG3 

 

Following each Golden Gate ligation, DNA was desalted then transformed into E. coli DH5a.  For CG1, 

blue/white screening was used, however all colonies were blue so in further transformations blue/white 

screening was deemed unnecessary.  Colony PCR was used to further confirm the presence of the desired 

ligation product (Fig 4-1) and successful transformants were mini-prepped.   
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CG1, CG2, and CG3 were all required for ligation into CG4, also known as CGF.  After colony PCR 

confirmation of CGF, the miniprep was co-transformed into E. coli DH5a and HB101 with helper plasmid 

prL623.  Helper plasmid prL623 is used to remove restriction sites of enzymes native to cyanobacteria that 

thwart transformation.   

 

These transformants are also miniprepped, at which point the DNA can be transformed into cyanobacteria 

utilizing adapted protocols from Dr. Joe Scott and former 499 Cadet Kat Kowar.  Anabaena and UTEX 

2973 were always transformed via electroporation, while PCC 7942 was initially transformed by mixing 

magic and natural competence. Following transformation and quenching, cultures are left to recover at 

room temperature in the dark for at least 48 hours.  They can then be spun down and transferred to a BG11 

plate with a sterilized HATF filter.  According to Dr. Scott’s protocol, these plates were sealed with 

parafilm, then left to grow at room temperature with ambient light for 10 days.  Vasudevan et al. let plates 

incubate at room temperature and ambient light for 2 days, then transfer them to a humidified incubator 

with light for the remaining growth period.   

 

12 kb 
 
 

5 kb 
 
 
 

1.7 kb 
 

1 kb  

CG1      CG2                                CG3                             
12 kb 

 
 

5 kb 
1.7 kb 

 

1 kb 
650 bp  

Figure 4-1.  Colony PCR for CG1, CG2, and CG3.  Anticipated 
size of inserts are CG2 767 bp, CG2 1300 bp, and CG3 1089 bp.  
Bands are indicated with black arrows.   
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Colonies grown in incubator light were red and unable to be removed from filter paper when moving to 6-

well plates.  In this case, a small section of filter paper with the colony was transferred to the well.  Colonies 

that had grown on agar rather than filter paper were transferred directly to wells.   

 

pAM1954-eGFP-silicatein was ultimately transformed according to the same 

techniques as above, although the cloning process was different.  To clone 

silicatein into pAM1954-eGFP a XhoI restriction site was added to the N-

terminal of eGFP via PCR.  This PCR product was purified, then a HindIII 

and XhoI digested silicatein insert was ligated into pAM1954-eGFP-XhoI.  

Colony PCR with Sil F and Sil R primers was run to confirm the presence of 

silicatein in pAM1954-eGFP (Fig. 4-2).  One colony was re-streaked for 

glycerol stocks and mini-preps.  Following co-transformation into DH5a 

with prL623, pAM-sil was transformed into UTEX 2973, PCC 7942, and 

Anabaena PCC 7120.   

 

At this point in time, we have CGF and pAM1954-eGFP-silicatein 

transformed into UTEX 2973, PCC 7942 and Anabaena PCC 7120 and growing under antibiotic selection 

conditions in 6-well plates (Fig 4-3).  The CGF cultures do have noticeable amounts of green, however 

growth across all cultures is slow.  This is likely due to the high concentration of antibiotic, however, the 

amount of antibiotic degradation under light should be considered in this scenario.  Approximately 10 days 

after transfer to 6-well plates, antibiotic selection media was refreshed with the addition of 1-2 mL, 

depending on the degree of evaporation.  These cultures should be refreshed again, antibiotic concentration 

should be checked and corrected, and the OD720 of these can be measured in reference to a media-only 

condition.   

 

12 kb 
 

5 kb 
1.7 kb 

1 kb 
650 bp 
500 bp  

Figure 4-2.  Colony 
PCR for pAM1954-
eGFP-sil. Anticipated 
size of insert is 550 bp. 
Band is indicated with 
black arrow.   
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In addition to growth under antibiotic selection conditions, pAM-eGFP-sil can be screened for with GFP 

fluorescence.  When cultures are sufficiently confluent that green is visually apparent, a small sample 

should be taken for fluorescence microscopy.   

 

Preliminary fluorescence microscopy was performed with eGFP-sil pSyn6 in PCC 7942 cultures.  eGFP-

sil from our pet28-eGFP-sil construct (Aim 1) was transformed into the pSyn6 vector in Spring 2023 by 

499 Cadet Margaret Warner.  pSyn6 is has TEV site, 6xhis tag, and spectinomycin resistance gene and is 

designed to integrate in the chromosomal DNA via homologous recombination.  The psbA promoter 

regulates the gene insert (in this case eGFP-sil) for constituitive expression.  Under constituitive expression 

we can expect eGFP-sil to be continuously expressed without the addition of IPTG.  Warner noted GFP 

fluorescence in some but not all PCC 7942 colonies after transformation.  Here,  colonies from Spring 2023 

were inoculated in BG11 media with spectinomycin.  Growth was extremely slow, although some green 

CGF 
 
 
 
 
 
 
 
 
 
 
pAM-
eGFP-sil 

UTEX 2973        PCC 7942  Anabaena PCC 7120  

Figure 4-3.  Growing cyanobacteria transformed with CGF or pAM-eGFP-sil in 6-well plates.  Each strain of interest 
was transformed with each set of DNA.  Growth can be visualized by green tinge of wells.  In some cases, such as 
PCC 7942 with pAM-eGFP-sil, growth is not apparent and cannot be confirmed visually.   
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could be visualized in culture tubes.  Samples were taken for fluorescence microscopy with Keyence BZ-

X810 Fluorescence Microscope (Fig. 4-4).   

 

The cells in figure 4-4 appear circular, which is consistent with the expected morphology of PCC-7942.  

Some cells exhibit GFP fluorescence, suggesting that eGFP-sil is being produced, while others do not.  As 

noted, these cultures did not grow robustly, so further characterization of eGFP-sil was not pursued.  In a 

healthy robust culture, eGFP-silicatein fluorescence should accompany silicatein biomineralization 

activity.  To confirm biomineralization activity is intact, silica or ceria precursors should be added to the 

solution.   

 

To establish the appropriate amount of ceria precursor to add to cyanobacteria with silicatein for 

biomineralization, I examined the survival of cyanobacteria alone with ceria ammonium nitrate.  Like many 

organisms, cyanobacteria require metals as cofactors for some metabolic functions.  In fact, cyanobacteria 

in general require metal cofactors for more metabolic functions than most organisms, and metal availability 

can be a limiting factor for cyanobacterial survival 

in some environments.197  Metal tolerance is highly 

variable across cyanobacterial strains, but in general 

tolerable concentrations are in the mg/L range.198  

As a preliminary screen, PCC 7942, UTEX 2973, 

and PCC 7120 were incubated with varying 

concentrations of ceria ammonium nitrate (high 

concentration 25 mM or 13.7 g/L).  Following 24 

hours of incubation in liquid culture, cells were 

plated and monitored for growth after 10 days in 

light.  PCC 7942 and UTEX 2973 showed no growth 

even at low concentration of 0.31 mM or 170 mg/L.  

Figure 4-4.  eGFP-sil pSyn6 PCC 7942 cells 
inoculated from Spring 2023 BG11 plates.  Grown 
with spectinomycin.  Fluorescence is evident with 
some cells, but not all (as circled in black). Scale bar 
(yellow) is 5 µm. 
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PCC 7120 did show tolerance to 0.31 mM CAN (Fig. 4-5).  For PCC 7942 and UTEX 2973, lower 

concentrations of ceria ammonium nitrate should be tested.  For PCC 7120, 0.31 mM CAN can be 

considered tolerable on a preliminary basis.   

 

 

 

Summary 

Silicatein expression in cyanobacteria is an exciting possibility as cyanobacteria are able to perform post-

translational modifications, a variety of strains are adapted to many different environments, and the 

potential for pairing oxygen-generation via photosynthesis with biomineralization.  This work produced the 

several plasmids with silicatein gene insert for expression in cyanobacteria.  Due to the relatively short 

time-frame I was able to spend at USAFA, only preliminary expression has been observed.  Continuing 

work at USAFA seeks to confirm the expression of silicatein in cyanobacteria with SDS-PAGE and 

biomineralization assays.  The preliminary survival assays performed with cyanobacteria and ceria 

ammonium nitrate show that Anabaena PCC 7120 are not tolerant to 25 mM ceria ammonium nitrate, but 

that growth still occurs after exposure to 0.31 mM ceria ammonium nitrate.  This provides the foundation 

for in vivo biomineralization assays with silicatein.  Furthermore, introduction of silicatein into 

cyanobacteria may have possible applications in biocementation.    

Figure 4-5.  Anabaena PCC 7120 survival following incubation with ceria ammonium nitrate at various 
concentrations.  A) ceria ammonium nitrate concentration 25 mM, B) 0.31 mM, C) 0 mM.   

A B C 
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Materials and Methods 

CyanoGate 

Original CyanoGate glycerol stocks were moved from -80 °C freezer and streaked on LB spectinomycin 

plates then incubated at 37 °C overnight.  Single colonies were selected and grown in 1 mL LB 

spectinomycin at 37 °C overnight, then mini-prepped with Monarch Plasmid Mini-prep kit (NEB).  

Concentrations of mini-preps were measured with Nanodrop 1000.  Cloning was performed according to 

protocols from Vasudevan, et al (2019) and adapted from Patron Lab’s “Type IIS-mediated Parallel DNA 

Assembly”.195,199  20 femtomoles of acceptor plasmid was mixed with 40 femtomoles of DNA part 

plasmids.  Sterile DI H2O was added to a volume of 15 µL.  Then 2 µL T4 DNA ligase buffer (NEB), 1 µL 

T4 DNA ligase (NEB), 1 µL 1 mg/mL bovine serum albumin, and 1 µL BsaI restriction enzyme were added 

and mixed gently via pipetting.  Reactions were transferred to thermocycler for 26 cycles of 37 °C for 3 

minutes and 16 °C for 4 minutes, followed by final incubation of 37 °C for 5 minutes then 80 °C for 5 

minutes.  5 µL of each sample was desalted on nitrocellulose membrane and 4 µL of DNA was added to 20 

µL E. coli DH5a for transformation.   

 

E. coli DH5a transformation 

DNA was incubated with 50 µL E. coli DH5a on ice for 5 minutes then transferred to pre-chilled 

electroporation cuvette.  Electroporation cuvette was shocked at 1.8 kV and immediately quenched with 

LB.  Quenched culture was incubated at 37 °C for at least 1 hour then plated on LB with antibiotics or 

blue/white screening plates (as available) and incubated at 37 °C overnight.  Individual colonies were 

screened via colony PCR to confirm presence of insert.  For CG1, CG2, and CG3 samples were then mini-

prepped and recombined with CyanoGate protocol to make final CG4.  CG4 was then transformed with 

helper plasmid pRL623 (demethylation) into E. coli DH5a or HB101.  Following successful co-

transformation with pRL623, samples were mini-prepped and then transformed into cyanobacteria.   
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Cyanobacteria transformations 

Collected 1 mL of saturated culture, spun at 1,000 x g for 10 minutes to pellet cells.  Discarded supernatant.  

For natural competence (PCC 7942), resuspended in 1 mL BG11, spun at 1,400 x g for 1 minutes.  

Discarded supernatant.  Resuspended in 100 µL DI H20.  Added approximately 100 ng of DNA.  Incubated 

in 34 °C water bath with dark lid for 1 hour and 30 minutes.  Pre-warmed BG11 plates, treated with 10 µL 

antibiotic.  Plated 100 µL transformation.  Place plates (agar up) on illuminated shelf at 30 °C.   

For electroporation (UTEX 2973, Anabaena PCC 7120), resuspend in 50 µL DI H2O.  Added 750 ng DNA 

to cells.  Loaded in pre-chilled electroporation cuvette (0.1 cm gap), shocked at 1.2 kV, 50 µF, 250 ohm.  

Anticipated time constant was 10 milliseconds, observed 11.5 and 11.9 milliseconds, respectively.  

Quenched with 1 mL BG11.  Plated on BG11 with sterile HATF filter.  Incubated in low light conditions 

at 26 °C for 2 days.  After 2 days, transferred filter to BG11 plate treated with antibiotics. 

 

After 7-10 days, one colony was transferred to 3 mL BG11 with antibiotic in 6-well plate.  Incubated at 26 

°C with light. 

 

NOTES:  For antibiotics, 50 µg/mL is the standard for spectinomycin in E. coli, and 10 µg/mL for 

spectinomycin in cyanobacteria.  Following this logic, we diluted standard antibiotics (prepped for E. coli) 

by 5.  So for kanamycin, which is prepared at 50 mg/mL we diluted to a final in culture concentration of 10 

mg/mL.  Then we added 600 µL 50 mg/mL kanamycin to 2400 µL BG11 media for a total of 3 mL.  The 

final antibiotic concentration for these 3 mL of culture was 10 mg/mL rather than the intended 10 µg/mL.  

This was a math error on my part.   

 

Survival assay 

Serial dilutions of CAN from 25 mM to 0 mM were performed in 150 µL in 96-well plate.  50 µL of 

saturated cyanobacterial cultures (UTEX 2973, PCC 7942, and Anabaena PCC 7120) were added to each 
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well.  96-well plate was incubated shaking at RT in light for 2 hours, then 2 µL from each sample was 

plated on BG11 plates.  96-well plate was returned to shaking incubator, then 2 µL from each sample was 

plated at 18 hours and again an additional 24 hours earlier.  BG11 plates with cyanobacteria were incubated 

at 30 °C in light for 10 days and evaluated for growth.   

 

  

Primers 

024 F:  5’ ggaggacttggaagtttg 3’  

117 R:  5’ agcgtgagatcgaggatg 3’ 

005 F:  5’ ggagcacctgtagagaag 3’ 

078 R:  5’ agcgagacaaaaagagaa 3’ 

118 F:  5’ tggagtcggtcacatgtg 3’ 

025 R:  5’ agcggaccgtttgaaaac 3’ 

pAM-XhoI F:  5’ gtagcacgctcgagcttgagatcctttttttctgcgcg 3’  

pAM-XhoI R: 5’ gcgagctactcgagaagatcctttgatcttttctacggggtctg 3’  
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Chapter 5:  Biocementation with silicatein 

*This work was done in collaboration with USAFA researchers Dr. J. Jordan Steel, Ms. Melanie Grogger, 

Capt. Victoria Morrison, 2Lt. Nikolas Schwendeman, and others. Manuscript “Surface-displayed 

silicatein-alpha enzyme in bioengineered E. coli enables biocementation and silica mineralization” 

 

Key Findings 

• INP-silicatein fusion results in silicatein surface display.   

• Surface-displayed silicatein retains biomineralization activity, as shown with silica and ceria. 

• Biosilicification is a promising alternative to microbially induced calcite precipitation, producing 

bricks with comparable unconfined compressive strength. 

• Biocementation with Martian regolith simulant as substrate reflects trends seen in biocementation 

with fine-grain sand. 

 

Hypothesis:  Silicatein will polymerize silica present in soil, sand, and regolith.  This polymerization will 

increase particle size and effectively solidify loose particles.   

 

Approach:   

Biocementation via microbially induced calcite precipitation (MICP) has been explored with a variety of 

microbial species that breakdown urea to ammonia, thus inducing ambient calcium precipitation.99  The 

breakdown of ammonia is known as ureolysis, which is an aerobic process.  Sporosarcina pasteurii is a 

commonly used microbe for ureolysis and biocementation.   Ma, et. al 2020 compared microbially induced 

calcite precipitation between S. pasteurii, B. subtilis, and E. coli, showing that S. pasteurii remain intact 

under biocementation conditions, while B. subtilis and E. coli display cell lysis.99,200–202  Furthermore, the 

structure of precipitates was greater than those made by B. subtilis and E. coli forming large aggregates of 

calcium carbonate.200  This work utilized 2 mL S. pasteurii saturated culture in each experiment.  One 
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drawback of microbially induced calcite precipitation with S. pasteurii is the requirement to add large 

amounts of calcium to the reaction.  In the case of Ma, et al. 11% w/v CaCl2 was added per 2 mL bacterial 

culture,200 with others reporting up to 28% w/v added CaCl2.90,92,203,204  A potential benefit of targeting silica 

for biocementation rather than calcium is the sheer abundance of silica naturally occurring in sand and 

regolith (approximately 30%).95,100  This may entail that it is not necessary to add components other than 

silicatein for this biocementation.  Fewer additional reactants is attractive for applications in austere 

environments, such as space, to which additional reaction components would need to be transported.  

Utilizing the available resources in space, or other austere environments, is known as in situ resource 

utilization.  Since silica has a natural abundance of approximately 30% in regolith,100 it would not be 

necessary to add additional silica for biocementation with  silicatein.  Accordingly, transportation 

requirements would only be for E. coli INP-silicatein maintenance, expression, and growth.   

 

To easily produce and access silicatein, we created an INP-silicatein fusion for surface display on E. coli. 

Ice nucleation protein (INP) from Pseudomonas has been widely used to surface display proteins of various 

sizes.  INP has an N domain and C domain, with repeating spacer domains in between.205  The spacer 

domains in native Pseudomonas function as sites for ice nucleation, with the N-domain being hydrophobic 

and the C-domain being hydrophilic.205  Previous studies show that only the N-domain is necessary for 

surface display in E. coli but that spacer domains can be added to distance the display cargo from the cell.205 

Here, we utilized the INP N-domain to create an INP-silicatein fusion protein to surface display silicatein 

on E. coli.  Surface display allows for the in vivo use of silicatein’s enzyme activity, which will require 

fewer post-production processing steps than cellular protein expression and purification.  With INP-sil, E. 

coli can be applied directly to biocementation experiments and processes.  Furthermore, the available silica 

will in sand or regolith suggests that only E. coli INP-silicatein will be necessary to add for biocementation.    

 

 

 



 147 

Results 

INP-silicatein was recombinantly expressed in E. coli BL21.  Purification via his-tag Ni-affinity 

chromatography shows the dimerized protein at approximately ~100 kDa (Figure 5-1).  SDS-PAGE 

highlights the presence of protein, however, for applications INP-silicatein will be used in vivo unpurified 

on E. coli.  Western blot results also confirm the production of INP-silicatein, with bands at approximately 

50 and 100 kDa.  Experiments showed that inclusion of a serine protease inhibitor such as PMSF during 

sonication is highly beneficial for gel electrophoresis, as silicatein will undergo significant proteolysis 

otherwise.  This may be due in part to silicatein sequence similarity with protease Cathepsin L – presumably 

the overlap in catalytic triad residues which facilitate proteolysis for Cathepsin L may have similar activity 

in silicatein.  Therefore, silicatein may face protease activity from other silicatein molecules present in 

solution.  As our work shows that the catalytic triad is not the sole mechanism of biomineralization activity 

(Aim 1), it is reasonable to presume that treatment with a protease inhibitor will not negatively impact 

biomineralization activity in a significant way.206 

For in vivo biomineralization with INP-silicatein, the precursor sodium orthosilicate was used, as reported 

previously by Muller, et. al.207  In preliminary experiments, E. coli with INP-silicatein were combined with 

silica precursor, then incubated at room temperature shaking overnight.  The cells were removed via 

His-tag purification – INP-sil 
L             FT        FT         W1        W2    purified   pellet     L   

100  
 

75  
 
 

50  
 
 

37  

Figure 5-1.  His-tag purification for recombinant INP-silicatein.  SDS-PAGE (left) with band in the purified 
fraction at approximately 100 kDa.  Western blot (right) with bands in the purified fraction at approximately 50 
and 100 kDa.   
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centrifugation and the supernatant – presumably containing any biomineralized product – was collected.  

The supernatant was then ultra-centrifuged to precipitate out biomineralized nanoparticles.  (This is 

consistent with isolation of biomineralization product that we perform with nanoceria in Aim 1).  E. coli 

with INP-silicatein was compared to WT BL21 E. coli and a no-cells condition.  The WT BL21 E. coli 

serve as a baseline for potential silica precipitation due to interactions with the cell itself.  The no-cells 

condition is a control targeting autohydrolysis of precursor.  A visual comparison of precipitates generated 

following 24-hour incubation shows much greater silica precipitation with INP-silicatein than WT BL21 

and the no-cells condition.  This result therefore suggests that INP-silicatein is displaying biomineralization 

activity.  Preliminary analysis of precipitates with ImageJ shows INP-silicatein precipitate has an area of 

approximately 13,000 pixels (13,166) while the precipitate from WT BL21 has an area of 8,600 pixels 

(8,641).  Comparison with an unpaired t-test shows that the difference is statistically significant with p<0.01 

(p=0.0055).  Additional in vivo biomineralization experiments including E. coli expressing TF-silicatein 

have followed.  The identity of this precipitate as silica is further supported via analysis with the 

silicomolybdate assay.  The silicomolybdate assay has been previously used by Povarova, Dakhili, Sparkes 

et al. to quantify silica oxide produced by silicatein.34,37,47,208  Here the silicomolybdate assay shows that E. 

         1.                              2.                        3.  

Fig. 5-2. In vivo biomineralization with INP-silicatein-a. Silica mineralization can be visualized as 
precipitate after sample ultra-centrifugation. 1) Precipitate from E. coli INP-silicatein-a and sodium 
orthosilicate after 24 hour incubation, 2) precipitate from WT BL21 E. coli and sodium orthosilicate after 
24 hour incubation, 3) precipitate from sodium orthosilicate alone after 24 hour incubation. B) 
Comparison of precipitated silica (ng) as quantified via silicomolybdate assay.  Two-tailed unpaired t-
test t=16.93, df=2, p<0.05.    
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coli INP-silicatein produces significantly greater precipitate than BL21 cells alone (Fig. 5-2, two-tailed 

unpaired t-test p<0.05).  

 

To further illustrate surface display of INP-silicatein, immunocytochemistry for silicatein was performed 

(Fig. 5-3).  E. coli INP-silicatein and E. coli BL21 were each treated with an anti-silicatein goat antibody, 

which was then followed by anti-goat AlexaFluor 488.  Microscopy shows DAPI staining of the nucleic 

acids within the cells in both INP-silicatein and BL21 cases.  For INP-silicatein, however, we are also able 

to detect and visualize green fluorescence decorating the exterior of the cell – effectively a green outline 

around each blue DAPI stain, which does not occur with the BL21 cells.  In this way, we are showing 

surface display of INP-silicatein on E. coli.  

 

Green         Blue         Overlay  

Green        Blue        Overlay    

WT BL21 E. 
coli 

  

  

  

  

  

E. coli INP-
silicatein 

Fig. 5-3. Immunocytochemistry of WT BL21 E. coli and E. coli INP-silicatein. Green fluorescence shows 
AlexaFluor 488 conjugated to anti-silicatein. Blue fluorescence shows DAPI staining of nucleic acids, highlighting 
the interior of bacterial cells. Overlay shows co-localization of INP-silicatein on the exterior of DAPI-stained cells 
for E. coli INP-silicatein, but not on WT BL21 E. coli.   
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The in vivo biomineralization assays show that silica biomineralization is occurring with E. coli INP-

silicatein.  To evaluate this biomineralization in the context of biocementation, E. coli INP-silicatein was 

used to make bricks.  The 2022 USAFA iGEM team established a biocementation protocol with S. pasteurii 

and coarse grain sand.  Here, we adapted this protocol for three microbial cases:  1) S. pasteurii, 2) S. 

pasteurii + E. coli INP-silicatein, and 3) E. coli INP-silicatein using fine grain sand.  S. pasteurii bricks 

serve as the baseline, as S. pasteurii is frequently used in microbially induced calcite precipitation and there 

is significant literature discussing S. pasteurii MICP bricks.  Five complete sets of bricks were made, with 

several additional S. pasteurii bricks to serve as a baseline for comparison with 2022 iGEM results.  Bricks 

were tested for maximum load (kPa) in an unconfined compression test, revealing maximum load tolerated 

before breaking, utilizing a compaction tool from USAFA Civil Engineering.  As drying or curation time 

impacts brick strength, these bricks were crushed at 21 (+/-2) days after synthesis.   

 

On average, S. pasteurii bricks could tolerate a maximum load of 229 kPa, which is strikingly less than 

values documented by 2022 iGEM at approximately 1,379 kPa.  One possible explanation is in the particle 

S. pasteurii E. coli INP-sil
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Fig. 5-4. Unconfined compressive strengths for S. 
pasteurii and E. coli INP-silicatein-a bricks. S. pasteurii 
bricks show an average tolerance to 229 kPa (S.E.M. 36 
kPa). E. coli INP-silicatein-a bricks show an average 
tolerance of 197 kPa (S.E.M. 34 kPa). A two-tailed 
unpaired t-test shows no significant difference between 
the two t=0.5407, df=14, p=0.597.    
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size of sand used.  2022 iGEM used coarse grain yellow sand, where-as here, in order to more closely 

approximate regolith, fine grain sand was used.   

 

An additional possibility is that the amount of S. pasteurii cultures of 2022 iGEM had greater OD600s than 

cultures here, and therefore more cells to perform biocementation.  Most studies do not report OD600 of S. 

pasteurii applied, and there does not appear to be a standard across studies.  There is one report, however, 

that highlights increasing biocementation as a result of increased OD600,90 with various reports that claims 

optimal OD600 of 0.2-4.91,200,202,209,210  

 

Notably, there was no significant difference in the unconfined compressive strength of bricks made with S. 

pasteurii and bricks made with E. coli INP-silicatein.  This suggests that biosilicification with surface-

displayed silicatein produces comparable biocementation (in terms of unconfined compressive strength) as 

traditional ureolytic MICP.   

 

Table 5-1.  Unconfined compressive strengths for bricks made with fine-grain sand.   

Bricks made on date: S. pasteurii S. pasteurii + INP-sil INP-sil 
 

Load (PSI) 

Nov 11 47 
  

Nov 11 38 
  

Nov 29 19* 
  

Nov 30 15.6 4 10 

Dec 1 17.3* 
  

Dec 1 41 0.5 34 

Dec 4 18.2 15.3 28.9 

Dec 5 56.1 10.8 ----- 
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Dec 5 43.3*   

Dec 6 59.2 12.1 31.3 

Dec 11    

 

Regolith bricks 

To further evaluate the possibility of applications for in situ resource utilization on Mars, bricks made with 

S. pasteurii and E. coli INP-silicatein and martian regolith simulant were examined.  The entire brick 

making process was the same as previous except that martian regolith simulant was used instead of sand.  

Martian regolith reportedly has ultra-fine particle sizes with this martian regolith simulant reportedly having 

a median particle size of 63 um and a range of 0.04-1000 um.  Silica oxide was present at approximately 

44%.100  Due to the small particle size and silica oxide composition, martian regolith simulant has a health 

advisory score of 1 (range 0-4),  The Biology Department Safety Officer at USAFA did not support the use 

of martian regolith simulant citing health concerns, and therefore martian regolith simulant bricks were 

made off-site then shipped to USAFA for unconfined compression testing.  It is important to note that cross 

country shipping may introduce significant impacts to brick form and strength.   
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Three sets of S. pasteurii and E. coli INP-silicatein bricks were made, however, one S. pasteurii brick and 

one E. coli INP-silicatein brick were broken upon arrival at USAFA.  Therefore, two bricks of each type 

were crushed after 21 days of curing.  As with the previous comparison of S. pasteurii and E. coli INP-

silicatein bricks, there was no significant difference in the unconfined compressive strength (unpaired t-

test, p=0.2098).  Although there is no significant difference between the two types of bricks at present, there 

may be the beginning of a trend here suggesting that E. coli INP-silicatein bricks are stronger than 

traditional MICP S. pasteurii bricks with martian regolith simulant.   

 

It may also be relevant to note that with the decreased particle size of martian regolith simulant, a lesser 

compressive load (kPa) was tolerated than the fine sand brick counterparts.  This supports our hypothesis 

that particle size prior to biocementation treatments plays a significant role in brick strength.  Thus far 

iGEM 2022 bricks made with coarse sand (largest particle size) were strongest, with fine sand bricks 

(smaller particle size, but larger than regolith) then martian regolith (finest particle size) bricks following.  

S. pasteurii E. coli INP-sil
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Fig. 5-5. Unconfined compressive strengths for S. pasteurii and E. coli INP-silicatein-a martian 
regolith simulant bricks. S. pasteurii bricks show an average tolerance to 31.4 kPa (S.E.M. 27.2 kPa). 
E. coli INP-silicatein-a bricks show an average tolerance of 87.9 kPa (S.E.M. 14.8 kPa). A two-tailed 
unpaired t-test shows no significant difference between the two t=1.824, df=2, p=0.2098.   

 



 154 

Current work at USAFA is further examining the relationship between initial particle size and final strength 

of biocementation product.   

 

Biomineralization with ceria ammonium nitrate 

To further confirm INP-silicatein biomineralization activity, the E. coli INP-silicatein was co-incubated 

with ceria ammonium nitrate for in vivo biomineralization.  Figure 5-6 shows biomineralized ceria 

precipitated from in vivo biomineralization with INP-silicatein in tube 1 as a rust-colored precipitate.  Tube 

2 shows no precipitate, which is consistent with our expectation for non-biomineralized ceria ammonium 

nitrate.  These results are consistent with early in vitro biomineralization assays with eGFP-silicatein.  One 

challenge with in vivo biomineralization going forward may be standardizing the amount of protein per 

reaction – OD600 of cells will likely be the metric, however, at this time we cannot quantify the amount of 

INP-silicatein expression per cell.   

 

 

 

 

Summary 

Figure 5-6.  INP-silicatein biomineralization with ceria 
ammonium nitrate.  1) Supernatant from INP-silicatein 
with ceria ultracentrifuged at 50,000 x g, showing rust-
colored precipitate.  2) Supernatant from ceria 
ammonium nitrate only condition, ultracentrifuged at 
50,000 x g, showing no precipitate.  

          1                   2 



 155 

This work shows surface-displayed silicatein biomineralizes sodium orthosilicate to silica and ceric 

ammonium nitrate to nanoceria.  INP-silicatein was confirmed as surface-displayed through confocal 

microscopy with DAPI and silicatein-specific staining.  Further, INP-silicatein E. coli was applied to fine-

grain sand and regolith for biocementation.  Bricks made with INP-silicatein E. coli showed comparable 

unconfined compressive strength to bricks made via traditional biocementation with microbially induced 

calcite precipitation.  This makes INP-silicatein a promising alternative to MICP, since biocementation via 

biosilicification does not produce ammonium or carbonate as polluting by-products.  INP-silicatein E. coli 

biocementation strategies are also exciting for in situ resource utilization on Mars.  Since Martian regolith 

has significant silica content, biosilicification would not require added substrate other than the INP-

silicatein E. coli, which is a notable improvement to the amount of calcium that would be necessary via 

MICP.  Bricks made with Martian regolith also showed no significant difference in unconfined compressive 

strength between INP-silicatein E. coli and MICP’s S. pasteurii.  In fact, there are beginnings of a trend to 

suggest that INP-silicatein bricks may have increased unconfined compressive strength over MICP bricks.   
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Materials and Methods 

Molecular biology 

Standard molecular biology procedures were used for DNA maintenance and cloning using E. coli DH5a.  

For INP-silicatein work, the GeneJET PCR Purification Kit (ThermoFisher), QIAquick Gel Extraction Kit 

(Qiagen), and Monarch Plasmid Mini-prep Kit (NEB) were used according to manufacturer’s instructions.  

To construct pet28a(+) INP-silicatein, the pet28a(+) TF-silicatein plasmid was used as a backbone.  First, 

backbone plasmid was digested with BamHI and HindIII to remove the TF DNA insert, followed by agarose 

gel electrophoresis and gel extraction of desired band.  The INP-N gene fragment was PCRed out of 

pet28a(+) INP-OspA plasmid (Twist Bioscience) and confirmed with agarose gel electrophoresis.  

Following PCR clean-up, the INP gene fragment was ligated into pet28a(+) BamHI/HindIII silicatein 

according to NEB T4 ligation protocol.  Ligation product was desalted with nitrocellulose membrane, then 

2-5 µL were used for transformation into DH5a via electroporation.  Transformed cells were quenched 

with LB, let recover at 37° C shaking for 1 hour, then centrifuged at 3,000 x g.  Supernatant was discarded, 

pellet was resuspended in approximately 100 µL LB, then plated on LB-agar plates with kanamycin.  After 

overnight incubation at 37° C, colonies were selected for colony PCR to confirm the presence of INP-

silicatein gene.   

 

Frequently used primers 

INP F:  5’ ATGAATATCGACAAAGCGTTG 3’  

INP R: 5’ CTTAAGGGTACCCTCGACCTC 3’ 

Sil R:  5’ cccaccCTCGAGTTGATTGTATTTGTT 3’  

 

Protein production and purification 

pet28a(+) INP-silicatein, was transformed into E. coli BL21 (DE3).  Single colonies were picked for starter 

cultures in LB, grown at 37° C shaking overnight.  Cultures were centrifuged at 3,000 x g for 10 minutes 
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and supernatant discarded.  Cell pellet was inoculated in TB with kanamycin (minimum 50 mL) and grown 

to OD600 of 0.6-0.8.  At OD600 > 0.6, isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final 

concentration of 0.1 mM and flasks moved to 20° C shaking incubator overnight.  Cells were harvested via 

centrifugation at 3,000 x g for 10 minutes and supernatant discarded.  Pellet was resuspended in sonication 

lysis buffer (5% v/v glycerol (99+%), 36 mM tris HCl, 20 mM tris base, 100 mM NaCl, and 5 mM 

imidazole) at 5 mL buffer / 1 g pellet.   Lysis was performed via sonication at 20% amplitude, for 20 minutes 

in 20 second on/off pulses.   Lysate was centrifuged at 10,000 x g for minimum of 10 minutes, supernatant 

was collected and filtered with 0.4 µm syringe filter then purified via his-tag affinity chromatography.  

Purification fractions were collected and analyzed via 8% SDS PAGE.  

 

SDS-PAGE 

8% SDS-PAGE were loaded with lysates and purified samples, run at 110 V for 10 minutes, then 150 V for 

1 hr.  For staining, gel was transferred to fixing solution with Coomassie blue for at least 30 minutes 

(0.025% w/v brilliant blue, 7.5% v/v acetic acid, 50% v/v ethanol (95%), and 42.5% v/v DI H2O), then 

destained (7.5% v/v acetic acid, 10% v/v ethanol (95%), and 82.5% v/v DI H2O) for 1 hour.  Imaged with  

colorimetric transillumination on Amersham Imager 680.   

 

In vivo biomineralization 

5 mL of saturated induced INP-silicatein in E. coli cultures was spun down at 3,000 x g for 10 minutes.  

The supernatant was discarded.  Cell pellet was resuspended in 25 mL of sterile, DI H2O with aeration 

beads in a 125 mL flask.  A final concentration of 2 mM sodium orthosilicate was added.  This in vivo 

biomineralization mixture was left to proceed overnight shaking at room temperature.  A WT BL21 E. coli 

and silica only control were included.    
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After 24 hours, cells were removed from solution via centrifugation at 1,000 x g for 10 minutes.  The 

supernatant was ultracentrifuged in 5 mL increments at 50,000 x g for 45 minutes to precipitate silica 

biomineralization products.   

 

Silicomolybdate assay 

Silica recovery was measured with the silicomolybdate assay adapted from Povarova, et al. 2018 with 

extinction coefficient as derived by Coradin, et al. 2004.136 

 

Immunocytochemistry (adapted from Lazzara Lab protocol) 

Cells were grown and induced as for protein production and in vivo biomineralization.  Following overnight 

induction, 1 mL of culture was centrifuged at 3,000 x g for 2 min to isolate the cells.  Supernatant was 

discarded and pellet was resuspended in 1 mL TBS, then spun at 3,000 x g for 2 minutes again.  One 

additional wash with TBS was performed.  Cell pellet was then resuspended in 1 mL ice cold methanol and 

incubated on ice for a maximum of 10 minutes.  With gentle mixing via pipette, 100 µL was dropped onto 

a glass microscope slide and allowed to dry via evaporation.  Once dry, 125 µL of 1/1,000 anti-silicatein 

goat antibody (antibodies.com) was added.  Slides were transferred to a humidified chamber and incubated 

at 4 °C overnight.   

 

After overnight incubation, slides were gently washed with DI H2O and dried with a slide warmer.  125 µL 

of 1/10,000 anti-goat AlexaFluor 488 antibody (Invitrogen) was added and slide in humidified chamber 

was incubated at 37° C for 1 hr.  Slides were gently washed with DI H2O and dried with a slide warmer.  

One drop of Anti-fade Gold Pro-long mounting media with DAPI (Invitrogen) was added, followed by a 

cover slip.  Slides were examined with a Keyence BZ-X810 Fluorescence Microscope.  
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S. pasteurii growth 

A 1.5 mL glycerol stock of S. pasteurii from 2022 was revived via cell separation and inoculation in Brain 

Heart Infusion Urea media (37% w/v BHI, 20% w/v urea). This culture was incubated overnight at room 

temperature shaking.   

 

Bricks 

Fine sand (Sandtastik) was placed in a 3 in x 1.5 in (height x diameter) cylindrical mold.  Cell cultures (40 

mL, average OD600 4.3 and 2.3 for INP-sil and S. pasteurii respectively) and biocementation solution (80 

mL, 20% w/v urea, 10% w/v ammonium chloride, 49% w/v calcium chloride dihydrate) were alternately 

applied and left to fully percolate through sand for three total treatments of each.  Bricks incubated at RT 

for at least 24 hours prior to removal from mold. Following removal from mold, bricks were left to cure for 

at least 21 days prior to crushing.  

 

For regolith bricks, martian regolith simulant MRS-1 from Exolith Labs was used in place of fine sand.   

 

Cylindrical mold 

3 in x 1.5 in (height x diameter) cylindrical molds were 3D printed using Stratasys’ Rigur™ (RGD450) 

filament.  Two designs, one classic cylinder (shown below) and one “swiss cheese” cylinder were made 

printed, and used. SolidWorks software was used to design the molds and create a CAD file, then printing 

was done with Stratasys Object30 V5 Pro 3D Printer.  The “swiss cheese” cylinder has holes for air flow 

which we hypothesize will allow the brick to dry faster and more thoroughly.   
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Figure 5-7.  Cylindrical 3D-printed mold for 
biocementation bricks.   
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Conclusions 

Enzymatic biomineralization, like many protein-mediated processes, is unique for each enzyme.  

 

In the case of silicatein, this work shows that silicatein biomineralization activity is not impacted by fusion 

partner and that the leading catalytic triad hypothesis is not true for biomineralization with ceria.  To further 

investigate the mechanism of biomineralization, we performed directed evolution with survival-based 

selection.  The directed evolution library revealed enhanced biomineralization activity resulting from 

induced genetic mosaicism.  In particular, the revelation that truncated silicatein mutants retain 

biomineralization activity was in stark contrast with understanding across the field.  Furthermore, these 

results showed that silicatein tolerates a multitude of sequence changes yet retains biomineralization 

activity, suggesting that silicatein biomineralization activity cannot be attributed to a single mechanism, but 

likely results from an interplay of multiple processes.  As intrinsic disorder is a hallmark of some 

biomineralization proteins (i.e. calcite and PFMG1), several regions of potential intrinsic disorder within 

silicatein were investigated, however did not result in any significant changes in biomineralization activity.  

Overall, the precise mechanism of silicatein biomineralization remains unknown. 

 

The biomineralization mechanism of smCSE is better understood – with previous work illustrating that 

catalytic H2S production is critical for CdS production.  Based on crystal structures generated by Mahanta, 

Acharya, and Berger this work investigates the metal coordination di-histidine motif:  H49 and H351.  Site-

directed mutagenesis reveals that H351 is crucial for smCSE quantum dot production, but that there are no 

major changes in H2S production or oligomerization associated with H351A.  With consideration for rare 

earth element extraction applications, we show that smCSe can mineralize ceria ammonium nitrate, 

lanthanum nitrate, and neodymium nitrate to sulfides.  Further, smCSE reaction time is a key consideration 

for rare earth element extraction – with WT smCSE, an in vitro reaction time greater than 24 hours will 

precipitate bulk minerals – a comparison between CdS and CeS production show that CdS production is 

not interrupted with the addition of ceria ammonium nitrate, indicating that CdS biomineralization occurs 
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preferentially to CeS biomineralization.  Experiments with smCSE in different reactor simulating systems 

reveal that a flow-based reactor system is unlikely to facilitate REE extraction due to low residence times, 

but a batch reactor simulation yields promising results. 

 

Whole-cell biomineralization with Lysinibacillus sphaericus, a microbe identified from a western Virginia 

coal mine sample, is promising for bituminous degradation and lithium extraction.  L. sphaericus shows 

polycyclic aromatic hydrocarbon degradation with naphthalene and anthracene.  As PAHs are prevalent in 

bitumen, this is promising as an approach to “free up” minerals of interest.  When co-incubated with 

precursor salt, L. sphaericus produced 2 nm LiOH nanoparticles.  The discrete size and relative stability of 

LiOH particles suggests that there are biomolecules acting as capping agents.  Via ESI-LC-MS/MS, 10 

candidate proteins have been identified as involved in this biomineralization process.  Further exploration 

will narrow down the specific role of each protein and determine if a single-enzyme biomineralization 

process is feasible.  As is, L. sphaericus displays PAH degradation and biomineralization, which is 

promising for bioremediation of pollutants as well as critical mineral extraction.   

 

Acidophilic purple protein LigFa was evaluated as a potential biosensor for REEs.  Although one previous 

report shows recombinant production of LigFa in E. coli, we were unable to reproduce these results.  An 

acidophile is promising for applications in acid mine drainage, however, ease of recombinant production is 

fundamental.   

 

While acidophilic purple protein LigFa was disappointing, cyanobacteria may provide tolerance to the same 

extreme conditions.  There are hundreds of cyanobacterial strains uniquely adapted to a variety of 

environmental conditions.  Although still a bacteria, cyanobacteria care and growth are vastly different 

from E. coli and the cyanobacterial expertise and infrastructure from the Life Sciences Research Center at 

the U.S. Air Force Academy was invaluable.  As part of this work, we designed and transformed a 

CyanoGate silicatein construct into 3 cyanobacterial strains – PCC 7942, UTEX 2973, and PCC 7120.  Each 



 163 

strain was also evaluated for toxicity to ceria ammonium nitrate as a foundation to evaluate 

biomineralization with silicatein.  Interestingly, cyanobacteria may be an appropriate expression chassis for 

silicatein in earthly austere environments (such as acid mine drainage), but also in outer space. 

 

A major roadblock for colonizing space is the cost to transport building materials.  One alternative to 

traditional building materials may be biocementation – which would only require the transport of microbe 

and select substrates.  Microbially induced calcite precipitation with S. pasteurii is the current gold-standard 

for biocementation, however, we experimented with surface-displayed silicatein on E. coli for 

biocementation via biosilicification.  We show that INP-silicatein fusion results in silicatein surface display 

and that surface-displayed silicatein retains biomineralization activity, as shown with silica and ceria.  To 

compare biosilicification with MICP, we made bricks with fine-grain sand using both techniques.  With 

both biosilicification and MICP, bricks showed comparable unconfined compressive strength.  Additional 

experimentation with Martian regolith simulant as substrate reflects trends seen in biocementation with 

fine-grain sand. 

 

Overall, this work investigates biomineralization, rare earth element extraction approaches, pollutant 

bioremediation, and biocementation – addressing a variety of geological challenges with synthetic biology. 
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Appendix A:  Lyme-AID 
Lyme disease is a tick-borne disease caused by Borrelia burgdorferi.  If a patient is bitten by a tick carrying 

B. burgdorferi, there is a small window for antibiotic treatment.  Often, antibiotics are administered too 

late, and the patient will have Lyme disease for the remainder of their life.  Early detection is key for 

treatment to be effective.211  Further background and motivation can be found on the 2023 USAFA iGEM 

wiki, which is publicly available at https://2023.igem.wiki/usafa/. 

 

The 2023 USAFA iGEM designed a colorimetric biosensor patch for the detection of Lyme disease.  Via 

protein engineering, two proteins native to ticks and B. burgdorferi, Salp12 and OspA,212,213 respectively 

could be applied to a tick bite via a microneedle patch.  Salp12 is a tick salivary protein that has previously 

been shown to act as a chemoattractant for B. burgdorferi).212  OspA, or outer surface protein A, conjugated 

to DNA-aptamer-gold nanoparticles could function as a colorimetric sensor.   

 

We engineered Salp12 and OspA for recombinant expression in E. coli.  Plasmids were ordered from Twist 

Biosciences and transformed into DH5a and BL21 E. coli.  Challenges with recombinant expression led us 

to screen transformed colonies via PCR, which revealed that the gene insert was only present in 

approximately 20% of colonies (Fig. A-A 1).   
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After confirming the gene insert, we pursued recombinant expression in E. coli BL21.  USAFA iGEM had 

been growing 1 mL starter cultures in LB at 37 °C shaking overnight, then diluting to 5 mL, growing for 2-

3 hours at 37 °C shaking, then adding 1 mM IPTG for 5 hour induction.  After a 5 hour induction at 37 °C 

shaking, the cells were pelleted via centrifugation and the cell pellet was frozen at -20 °C overnight.  

Distinctive recombinant protein bands were not visualized with SDS-PAGE.   

 

To begin troubleshooting, we first scaled up cultures to 5 mL for starter cultures and 50 mL for inductions, 

adding glass beads to the induction flask for aeration.  We also began to measure OD600 for timed induction 

at OD600 of 0.6 with 0.1 mM IPTG.  Starter cultures and growth to OD600 of 0.6 was done at 37 °C 

shaking, but after addition of IPTG we let induction proceed at room temperature shaking overnight.  The 

following day, cells were pelleted via centrifugation and the pellet was frozen at – 20 °C, then lysates were 

examined via SDS-PAGE.  No distinctive recombinant protein bands were seen on the SDS-PAGE.   

 

12 kb 

5 kb 

1.6 kb 
1 kb 

100 bp 

12 kb 

5 kb 
1.6 kb 

1 kb 

100 bp 

OspA anticipated 822 bp 
                                                            (-) 

Salp12 anticipated 348 bp 
                                                            (-) 

Figure A-A 1. Agarose screening gels for colony PCR with pet28-OspA and pet28-Salp12.  OspA 
anticipated at 822 bp, Salp12 anticipated at 348 bp.  Samples directly from PCR, therefore “streaky” 
appearance anticipated with salts.  The negative control is shown in lane 10 for each, denoted (-).   
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In the next trial, cells were grown and induced as previously described.  After overnight induction, cells 

were pelleted via centrifugation, then the pellet was resuspended in sonication lysis buffer at 5 mL / 1 g cell 

pellet (5% v/v glycerol (99+%), 36 mM tris-HCl, 20 mM tris base, 100 mM NaCl, 5 mM imidazole) and 

sonicated at 20% amplitude in 20 second on/off pulses for 10 minutes.  The cell lysate was clarified via 

centrifugation at 10,000 x g for 10 minutes.  Supernatant was then taken for SDS-PAGE.  SDS-PAGE did 

not show distinct bands of recombinant protein.  We hypothesized that recombinant protein expression was 

low, and that bands would be easier to visualize in a purified sample.  INP-OspA was purified via 

immobilized metal affinity chromatography with Ni-NTA his tag affinity column (NEB).  SDS-PAGE 

revealed a band at approximately 60 kDa in the purified fraction (Fig. A-A 2).   

 

 

 

 

 

 

 

 

 

 

 

OspA was expressed as a fusion to INP for surface-display on E. coli.  To confirm surface expression of 

INP-OspA, we performed immunocytochemistry with an anti-OspA antibody.  I made a cartoonized 

diagram of the immunocytochemistry process to aid in teaching the iGEM team about the goals and steps 

of this experiment, as well as show anticipated results as shown in Figure A-A 3.   

Figure A-A 2. SDS-PAGE for INP-OspA 
purification.  Lysate, flow through 1, flow through 2, 
flow through 3, flow through 4, elution 1, elution 2, 
and elution 3.  Purifed bands evident in elutions 2 and 
3 at approximately 60 kDa, with breakdown product at 
approximately 30 kDa.   

Lysate     FT1     FT2    FT3     FT4      E1      E2       E3 



 169 

Immunocytochemistry and fluorescence microscopy showed that INP-OspA E. coli has surface-displayed 

OspA.  The primary antibody was specific to OspA and the secondary antibody had fluorophore AlexFluor 

488, which fluoresces green.  Our wild-type BL21 E. coli control did not exhibit green fluorescence, 

confirming that OspA was not surface-displayed on the wild-type and that the antibodies did not non-

specifically bind to the wild-type.  Figure A-A 4 shows E. coli INP-OspA on the left, with wild-type E. coli 

on the right.  The scale bar is 100 µm, so individual cells cannot be visualized, however the overall 

expression of INP-OspA is further confirmed.   

 

 

 

Figure A-A 3. Visualizing surface-display with 
immunocytochemistry.  INP, OspA, primary and secondary 
antibodies (1AB and 2AB) are shown at the top.  In the case of E. 
coli with INP-OspA (left) INP-OspA is displayed to the surface of 
the cell.  The primary antibody binds OspA, then the secondary 
antibody with fluorophore binds the primary antibody.  In the case 
of E. coli alone (right), no INP-OspA is surface displayed, the 
primary antibody does not have an antigen to bind, and the primary 
and secondary antibodies are washed away.  Figure made with 
BioRender.    
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These results were presented at the 2023 iGEM competition, illustrating that OspA could be surface-

displayed via INP.  The next steps include pairing OspA with DNA-aptamer-gold nanoparticle constructs 

to build the sensor portion of the microneedle patch, as well as recombinantly expressing Salp12 to 

chemoattract B. burgdorferi back to the patch.  Preliminary results suggest Salp12 expression, however 

these should be confirmed via Western blot (Fig. A-A 5). 

  

Figure A-A 4.  Fluorescence microscopy for immunocytochemistry of E. coli INP-OspA (left) and 
wild-type E. coli (right).  Scale bar is 100 µm.  Green fluorescence is evident in E. coli INP-OspA, 
indicating OspA is surface-displayed.  See Figure A-A 3 for a cartoonized schematic.   

Figure A-A 5.  SDS-PAGE for Salp12 lysates as compared to wild-type 
BL21 lysates.   
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Figure A-A 6.  USAFA iGEM team 2023 at iGEM jamboree in Paris, France. 
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Appendix B:  Supplemental Figures 

 
  

Yellow 76 kDa 

Purple 52 kDa 

Orange 31 kDa 

Green 24 kDa 

Ladder    eGFPsil msGFP2sil   TF-sil     CAAse  

Supplemental Figure S.1A-1.  Western blot of eGFP-sil, msGFP2-sil, and 
TF-sil along with CAAse positive control.  Detection of his-tag reveals that 
smaller bands in TF-sil and eGFP-sil are consistent with protein 
degradation products.   Anticipated MWs are 52, 50, 75 kDa respectively 
for eGFP-sil, msGFP2sil, and TF-sil.   
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Supplemental Table S.1B-1.  Preliminary silicatein mutant identifications, with wild type sequence as 
reference.  Mutations are highlighted in yellow, X refers to an undetermined amino acid. 

 Wild Type 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKY 

WLAKNSWGTNWGNSGYVMMARNKYNQLE 

Fusion protein Mutant (yellow highlights change from WT) 

eGFP GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDF* 

 

eGFP GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYVSSRRSSRFLNRYTIPPS* 

 

Trigger Factor GESYAFSAMGALEGANALAKGNAVSVSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPLVGKQSSCNY 

XSKYKGTSMSGMVSIKSGSESDLQAAVSNVVPVSVAIDGA 

NSAFRFYYSGEYASSRCSSSSXNHAMVVTGYGSYNGKKY 

WLAKNSWGTNWGNSGYVMMARNKYNQLE 

 

Trigger Factor GESYAFYAMGAVEGANALAKGNAVSVSEQNIIDCCILYXNH 

GCHDGNMYDAFVYVIANEGVDQDSAYPLVGKQSSCNYTYK 

YKGTIMSGIXSINSGSESDLQAAVSNXGPVSVPIHGANSSFRFY 

YSGEXXSSRCSSSSMNHAMVVTGYGSXNGKKYWQSKNXWG 

QNWGNSGYVTTARNKYNLL 
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Supplemental Table S1.B-2.  Sequences for TF-silicatein mutant 2.6 with wild type sequence as reference.  
Mutations are highlighted in yellow, X refers to an undetermined amino acid.  Consensus shown is 80%. 
 

 Wild Type 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKY 

WLAKNSWGTNWGNSGYVMMARNKYNQLE 

Sample ID Sequence (yellow highlights are differences from WT) 

2126841 TU6 

 

LASKAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGEKY 

WLAKNSWGTNWGE* 

 

2138869 TU3 

 

GASYAFSAMGALEGANALDKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGG 

NFGFCFYY* 

 

2138869 TU6 

 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKCWLV* 

 

2138869 TU8 

 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKY 

WLAKNSWGTNWGNSGYVMMARNXYNQLEHHHH 

 

2138869 TU9 

 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 
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NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKY 

WLAKNSWGKKQDNNE* 

 

2142324 TU1 

 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYTGKKN* 

 

2142324 TU4 

 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGYLQRATTIAESGIXXLRW

WYRRGPIPSGTFSRKKRTFSKS* 

 

2142324 TU10 

 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSHCSSRSXTQTMIDTQXKSNT* 

 

 

2142226 TU1  

**read with Sil F 

primer 

 

MQPWCHGGXMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKY 

WLAKNSWGTNWGNSGYVMMARNKYNQLEHHHHHH* 

 

CONSENSUS 2.6 

 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKX 

WLXXXXXXXXXX-XX------------------------- 
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Supplemental Table S1B-3.  Sequences for TF-silicatein mutant 2.7 with wild type sequence as reference.  
Mutations are highlighted in yellow, X refers to an undetermined amino acid.  Consensus shown is 80%. 
 

 Wild Type 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKY 

WLAKNSWGTNWGNSGYVMMARNKYNQLE 

Sample ID Sequence (yellow highlights are differences from WT) 

2119647 TU7 

 

GESYAFSAMGALEGANALAKGNAVSVSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPLVGKQSSCNY 

XSKYKGTSMSGMVSIKSGSESDLQAAVSNVVPVSVAIDGA 

NSAFRFYYSGEYASSRCSSSSXNHAMVVTGYGSYNGKKY 

WLAKNSWGTNWGNSGYVMMARNKYNQLEHHHHH--- 

 

2121209 TU7 

 

GSSEAFSAMGALEGANALAKGNAVSLSEQSIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSRYG* 

 

2126841 TU7 

 

FASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHADGGYRLWFLQRRKDTGWLKIRGVR

KLEATSGYVMNXRVTNTDQTXAPPPPPT* 

 

2131323 TU2 

 

VCEYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLVVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSYLNHAMVVTGYGSYNGKKY 

WLGKNLVGYELGQ* 

 

2142324 TU2 

 

GASYAFSPMGALEGATALAQANAVSLSDHNIIDCSIPYGT 

HGCHGGNMSDAFLYVIANEGVDPDSAYPFVGKQSSCNY 
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NSKYKGTSMSGMVSIKSGSESDLQAAVYNVGPVSVAIDGEK* 

 

CONSENSUS 2.7 

 

GXSYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGXYXSSRCSSSXXNHAXXXXXXXXXXGXXXWXXXXXXX

XXXX----------XXXXXXXXXXXXXXX-XXXXXXX— 
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Supplemental Table S.1B-4.  Sequences for TF-silicatein mutant 2.8 with wild type sequence as reference.  
Mutations are highlighted in yellow, X refers to an undetermined amino acid.  Consensus shown is 80% 
 
 

 Wild Type 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKY 

WLAKNSWGTNWGNSGYVMMARNKYNQLE 

 

Sample ID Sequence (yellow highlights are differences from WT) 

2119647 TU8 

 

GESYAFYAMGAVEGANALAKGNAVSVSEQNIIDCCILYXN 

HGCHDGNMYDAFVYVIANEGVDQDSAYPLVGKQSSCNY 

TYKYKGTIMSGIXSINSGSESDLQAAVSNXGPVSVPIHGA 

NSSFRFYYSGEXXSSRCSSSSMNHAMVVTGYGSXNGKKY 

WQSKNXWGQNWGNSGYVTTARNKYNLLEHHPHHL* 

 

2126841 TU8 

 

CASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGEKY 

WLAKNSWGTNWGE* 

 

2131323 TU3 

 

CASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKY 

WLAKNSWGTNWGNSGYVMMARNKYNQLEHHHHHH* 

 

2138869 TU7 

 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGYLQRAKNAGWYKNDAX

XNRGPXRSR* 
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2138869 TU10 

 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKY 

WLAKNSWGTKRGISG* 

 

2142226 TU3 *sil 

F primer 

 

VGGXXXDAFLYVIANEGVDQDRAYPVVGKQSSCNY 

XSKYKGARXAGMVSIKSGSESDLRXAVSNVXPXGXXVDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKKY 

WLAKNSWGTNWGNSGYVMMARNKYNQLEHHHHHH* 

 

2.8 CONSENSUS 

 

GASYAFSAMGALEGANALAKGNAVSLSEQNIIDCSIPYGN 

HGCHGGNMYDAFLYVIANEGVDQDSAYPFVGKQSSCNY 

NSKYKGTSMSGMVSIKSGSESDLQAAVSNVGPVSVAIDGA 

NSAFRFYYSGVYDSSRCSSSSLNHAMVVTGYGSYNGKK--

YWLAKNSWGTNWGNSGYVXXARNKYNXLEXXXXXX---------- 
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Supplemental Figure S.2B-1. Sequence alignment for silicatein-alpha from T. aurantia, S. domuncula, P. 
ficiformis, L. oparinae, L. baicalensis, and H. okadai.  Shades of blue represent identity with T. aurantia.   
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  Iterative Clone Isolation 

Mutant 1.A 

Mutant 1.B 

Mutant 1.C 

Supplemental Figure S1B-6. Iterative clone isolation from a library colony.  For multiple plasmids in the 
same cell, sequencing will show different sequences for mutant 1A, 1B, 1C, etc. as shown in the cells above 
plates.  For colonies that contain cells with different plasmids, iterative clone isolation will eventually reveal 
a single repeated sequence as shown with the cells below plates. 
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  H165A 
FT      10      25     50    500 
 
 
 
 
 
 
 
 
 
 
 
 
 
S26A 
FT       10     25     50     500 
 
 
 
 
 
 
 
 
 
 
 
 
S26A/H165A 
FT      10    25    50     500 
 

Supplemental Figure S.1B-7. SDS-PABE for TF-sil H165A, 
S26A, and S26A/H165A mutant purifications.   
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smCSE 
2/7           2/22           H351A  

Blue 225 kDa 
 
 
 
 

Purple 52 kDa 
 
 

Blue 38 kDa 
 
 
 

Green 24 kDa 
 
 

Blue 17 kDa 

Supplemental Figure S.2A-1.  Western blot for smCSE purified on 2/7, smCSE purified on 
2/22, and smCSE H351A.  Anticipated MW is 48 kDa – each sample shows a band between 38 
and 52 kDa.  smCSE also forms a tetramer, which can be visualized with the bands just below 
225 kDa.   
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Supplemental Figure S.3B-1.  Comparing Lysinibacillus sphaericus and Bacillus arryabhattai lithium 
precipitation via HPBO fluorescent assay.  Moles recovered were determined via standard curve and 
associated equation, then yields were normalized to the lithium only condition.  Normalized yield for “Li 
only” is 1.   
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LiOH BioRad (SciFinder Spectral Database) 

LiCH2O3 BioRad (SciFinder Spectral Database) 

LiCl BioRad (SciFinder Spectral Database) 

NaOH BioRad (SciFinder Spectral Database) 

NaCH2O3 BioRad (SciFinder Spectral Database) 

Supplemental Figure S.3B-2.  Reference FTIR spectra for LiCl, LiOH, LiCH2O3, NaOH, NaCH2O3.   
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Main Graphics, Analyze View:  

 
Peak List:  
 

Pos. [°2θ] Height [cts] FWHM Left [°2θ] d-spacing [Å] Rel. Int. [%] 
22.6690 5219.10 0.0900 3.91937 37.28 
26.8069 4586.15 0.0900 3.32302 32.76 
27.9892 5931.17 0.0900 3.18529 42.36 
31.3882 14001.30 0.0900 2.84767 100.00 
32.2749 5693.81 0.0900 2.77143 40.67 
39.8118 2964.21 0.0900 2.26241 21.17 
44.9842 9016.81 0.0900 2.01356 64.40 
46.4621 1104.91 0.0900 1.95289 7.89 
49.5655 1025.79 0.0900 1.83764 7.33 
52.9645 669.76 0.0900 1.72744 4.78 
53.4079 788.44 0.0900 1.71414 5.63 
56.3635 2449.94 0.0900 1.63106 17.50 
57.9891 1025.79 0.0900 1.58914 7.33 
65.6739 1104.91 0.0900 1.42056 7.89 
73.0630 590.64 0.0900 1.29404 4.22 
74.9842 1856.54 0.0900 1.26558 13.26 
77.3487 155.49 0.0900 1.23269 1.11 
83.7034 1065.35 0.0900 1.15452 7.61 

 
Pattern List:  
 

Visible Ref.Code Score Compound 
Name 

Displ.[°2θ] Scale Fac. Chem. Formula 

* 00-001-1021 42 Lithium 
Hydrogen Oxide 

-0.223 0.494 Li O H 

  

Position [°2θ] (Copper (Cu))

10 20 30 40 50 60 70 80

Counts

0

5000

10000

15000  cu_Berger_TV_lithium_X2_int_uncor
 00-001-1021; Li O H; Lithium Hydrogen Oxide

Supplemental Figure S.3B-3.  XRD report for L. sphaericus synthesized LiOH particles.  Note:  FWHM 
refers to the green assigned peaks, and should not be used to calculate particle size.   
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Supplemental Figure S.3B-4.  EDS composition report for L. sphaericus 
synthesized LiOH particles.  Note:  lithium does not have an electron signature 
detectable by EDS.   
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Lysinibacillus sphaericus soluble and insoluble lysates after co-

incubation with lithium chloride 
 

S           ½ S      ¼ S      1/8 S     I            ½ I         ¼ I       1/8 I 

75 kDa 
 

50 kDa 
 

37 kDa 
 
 
 

25 kDa 
20  kDa 

Supplemental Figure S.3B-5.  SDS-PAGE for soluble and insoluble fractions of 
L. sphaericus cell lysate after co-incubation with lithium chloride.  S denotes 
soluble lysate.  I denotes insoluble lysate.  Over-expression at 125 kDa is 
consistent with S-layer protein. 
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