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Abstract: Simultaneous overabundance and scarcity of inorganic phosphate (Pi) is a critical 12 

issue driving the development of innovative water/wastewater treatment technologies that not only 13 

facilitate Pi removal to prevent eutrophication, but also recover Pi for agricultural reuse. Here, a 14 

cell-surface expressed high-affinity phosphate binding protein (PstS) system was developed, and 15 

its Pi capture and release potential was evaluated. E. coli was genetically modified to express PstS 16 

on its outer membrane using the ice nucleation protein (INP) as an anchoring motif. Verification 17 

of protein expression and localization were performed utilizing SDS-polyacrylamide gel 18 

electrophoresis (SDS-PAGE), western blot, and outer membrane separation analyses. Cell surface 19 

characterization was investigated through acid-base titration, X-ray photoelectron spectroscopy 20 

(XPS), and Fourier transform infrared spectroscopy (FTIR). These tests provided information on 21 

the macromolecular structure and composition of the bacteria surface as well as the proton-22 

exchange properties of the surface functional groups (i.e., pKa values). Phosphate desorption and 23 

adsorption batch experiments were conducted to evaluate the effects of temperature, pH, and ionic 24 

strength on phosphate capture and release. The PstS surface-displayed cells demonstrated greater 25 

potential to release and capture phosphate compared to non-modified cells. Higher temperatures 26 

up to 40℃, basic pH conditions (pH = 10.5), and higher ionic strength up to 1.0 mol/L KCl 27 

promoted 20% to 50% higher phosphate release.  28 
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Introduction 38 

Inorganic phosphate (Pi) is an essential nutrient for all living organisms. However, its simultaneous 39 

overabundance and scarcity leads to a “phosphorus paradox,” wherein excess concentrations of Pi 40 

in water bodies cause eutrophication, while available supplies of nonrenewable phosphate rock for 41 

agricultural use are continuously depleted. Surplus Pi ultimately leads to eutrophication and the 42 

subsequent development of hypoxia (Cai et al., 2011; Mayer et al., 2013; Rittmann et al., 2011). 43 

Eutrophication affects water quality and alters ecosystem structures in freshwaters worldwide 44 

(Dodds et al., 2009). A number of technologies have been developed to remove Pi from water, e.g., 45 

selective and non-selective adsorptive materials, ion exchange resins, and biological materials (i.e., 46 

whole-cell microbes or proteins) (Mayer et al., 2013). These technologies focus on removing 47 

pollutant Pi from nonpoint sources (e.g., runoff from urban and agricultural lands) and point 48 

sources (e.g., municipal and industrial wastewater treatment facilities) to meet phosphorus 49 

regulations and guidelines in natural waters and treated discharges, respectively. The ability of 50 

these strategies to recover and reuse the Pi removed from water is also critical in reducing demands 51 

for nonrenewable phosphate rock (Mayer et al., 2016). 52 

 53 

One interesting approach to Pi removal and recovery from water is the development of systems 54 

harnessing the use of the high-affinity phosphate binding protein PstS (also known by the acronym 55 

PBP) (Choi et al., 2013; Kuroda et al., 2000; Li et al., 2009; Venkiteshwaran et al., 2018; Yang et 56 

al., 2016). Bacterial PstS is one of four proteins that comprise the Pst complex (Luecke and 57 

Quiocho, 1990). The periplasmic PstS protein binds phosphate in a deep cleft using 12 hydrogen 58 

bonds, which provides strong, highly-selective binding affinity (which is extraordinarily selective 59 

even in the presence of other wastewater oxyanions such as sulfate and arsenate) (Ledvina et al., 60 

1998; Luecke and Quiocho, 1990). Several PstS protein systems have been tested to evaluate Pi 61 

removal efficiency from water. Kuroda et al. (2000) immobilized PstS on sepharose beads, and 62 

found removal of 32P-labeled phosphate to below the detection limit (9.5 ng-P/L) using packed 63 

columns filled with the modified beads. Choi et al. (2013) evaluated in vivo PstS, using 64 

recombinant E. coli to overexpress PstS in the cell’s periplasmic space. The recombinant E. coli 65 

efficiently removed Pi (>94% removal), even when starting at low phosphate concentrations, 66 

ranging from 0.2 to 1.0 mg/L. In a third variation, recombinant E. coli was modified to express 67 

PstS on the cell surface (as opposed to the natural location in the periplasmic space) using the ice 68 
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nucleation protein (INP) as an anchoring protein (Li et al., 2009). This cell surface-expressed 69 

system provided 5% phosphate removal using an influent concentration of 500 mg-PO4
3-/L (Li et 70 

al., 2009).  71 

 72 

Beyond removal alone, our research group recently conducted Pi recovery studies using PstS 73 

proteins immobilized on beads (Venkiteshwaran et al., 2018) and recombinant E. coli 74 

overexpressing PstS protein in the periplasmic space (Yang et al., 2016). The extracellular PstS 75 

system using proteins immobilized on the bead surface was more conducive to Pi recovery 76 

compared to the periplasmic PstS system. Thus, we hypothesized that exposing the PstS directly 77 

to the water matrix by expressing the protein on the cell surface would facilitate Pi release in 78 

comparison to periplasmic PstS (in which case the cell membrane and perhaps cytoplasmic 79 

regulation could impede PstS release). No studies have yet investigated conditions targeting Pi 80 

removal and recovery using cell surface-displayed PstS proteins. Accordingly, the objectives of 81 

this study were: 1) to establish and characterize the cell surface-expressed PstS system, and 2) to 82 

evaluate Pi removal and release under controlled experimental conditions varying temperature, pH, 83 

and ionic strength using cell surface-expressed PstS.  84 

 85 

1. Materials and Methods 86 

1.1 Bacterial Strains, Plasmids, and Culture Conditions 87 

E. coli strain DH5α was used as the host for the recombinant plasmid, while strain BL21 (AI) was 88 

used for protein expression. The gene sequences of INP (N terminus) and PstS were synthesized 89 

and subcloned into plasmid pTrcHis_B (as confirmed by Thermofisher, USA). INP was selected 90 

as the anchoring motif as it is characterized by stable expression and modifiable internal repeating 91 

units (Jung et al., 1998). Plasmid pTrcHis_B was used for the construction and expression of the 92 

fusion protein (INP + PstS). A hexa histidine tag (6xHis-tag) was inserted before the fusion protein 93 

gene sequence to facilitate western blot analysis using a specific anti-His antibody (the gene map 94 

is shown in Supplementary Data Fig. S1). The recombinant plasmid was transformed into DH5α 95 

and BL21 (AI) using a heat-shock procedure (Invitrogen Life Technologies manual C6070-03). 96 

Briefly, 2 µL of the recombinant plasmid was added to 50 µL of cells and gently mixed. The 97 

reaction tube was kept in ice for 30 min and then immersed in a water bath at 42℃ for 45 sec. The 98 

reaction tube was then returned to ice for 2 min. Afterward, 250 µL of Luria-Bertani (LB) medium 99 
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was added to the reaction tube and incubated at 37℃ for 1 hr. The incubated cells were spread on 100 

LB agar containing ampicillin and left overnight at 37℃. Isolated colonies were collected, 101 

introduced into 10 mL LB, and incubated overnight at 37℃. Aliquots of the culture were mixed 102 

with 70% glycerol (1:0.56 v/v, culture/glycerol) and stored at -80℃ until use. 103 

 104 

Recombinant cells were cultivated in LB medium amended with 100 µg/mL ampicillin at 37℃ and 105 

vigorously agitated at 250 r/min. For protein induction, 1 mmol/L isopropyl β-D-1-106 

thiogalactopyranoside (IPTG) was added to the cell culture once the OD600 reached 0.6-0.8. The 107 

IPTG was allowed to react with the culture for 3-4 hr, after which the induced cells were 108 

centrifuged and stored at -20℃ until use. An uninduced sample of the cells was tested in parallel 109 

as a control. E. coli BL21 (AI) cells bearing an empty pTrcHis_B vector (no PstS or INP inserted) 110 

were used as negative control cells.  111 

 112 

1.2 SDS-PAGE and Western Blot Analyses 113 

SDS-polyacrylamide gel electrophoresis and western blot analyses were used to confirm the 114 

expression of PstS protein and the specificity for His-tag fusion in the induced cells. One mL of 115 

cells cultured to log phase in LB was centrifuged to prepare three different samples with final 116 

OD600 = 1 (i.e., control cells [empty vector, expected to have natural levels of periplasmic PstS], 117 

uninduced cells [no IPTG induction, expected to express low levels of surface-expressed PstS], 118 

and induced cells [expected to overexpress PstS on the cell surface]). The resulting cell pellets 119 

were resuspended in a loading buffer (100 mmol/L Tris-HCl, pH 6.8, containing 4% SDS, 0.2% 120 

bromophenol blue, 20% glycerol, and 200 mmol/L beta-mercaptoethanol [BME]) and heated for 121 

15 min at 98℃. The samples were loaded onto 10% SDS-PAGE gel and analyzed under 120 V for 122 

1.5 hr. The gel cast was stained by Coomassie brilliant blue for 30 min and de-stained in 40% 123 

methanol and 10% glacial acetic acid solution to obtain a clear gel image. For western blot, proteins 124 

on the SDS-PAGE gel were transferred to a nitrocellulose membrane under 250 mA for 1.5 hr. 125 

The membrane was blocked with 1x TBS (Tris-buffered saline) containing 5% w/v nonfat dry milk 126 

and 0.1% Tween-20 at room temperature for 1 hr. The membrane was then incubated with primary 127 

rabbit anti-His antibody (Bethyl Laboratories, Inc.) overnight at 4℃. Incubation with secondary 128 

anti-rabbit immunoglobulin G (IgG) antibody (Sigma Aldrich, US) was conducted at room 129 

temperature for 1 hr. Luminol solution was added to develop the protein signal on the films. 130 
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 131 

1.3 Outer Membrane Separation 132 

To isolate the outer membrane (OM) fraction and confirm the location of the fusion protein, we 133 

followed the procedure published by Park et al. (2015). Briefly, the centrifuged E. coli cells were 134 

resuspended in lysozyme buffer containing 0.2 mol/L Tris-HCl (pH 8.0), 200 µg/mL lysozyme, 135 

20 mmol/L sucrose, and 0.2 mmol/L ethylenediaminetetraacetic acid (EDTA) for 10 min at room 136 

temperature. Next, 20 µg/mL aprotinin and 1 mmol/L phenylmethylsulfonyl fluoride (PMSF) were 137 

added to the solution. An equivalent volume of extraction buffer (2% Triton X-100, 50 mmol/L 138 

Tris-HCl, 10 mmol/L MgCl2, and 10 µg/mL DNase) was added to isolate the outer membrane. 139 

After incubation in ice for 30 min, the lysate was centrifuged at 5000 r/min for 5 min; the 140 

supernatant was recentrifuged at 18,000 r/min for 10 min. The presence of PstS was assessed in 141 

the collected fractions by SDS-PAGE. 142 

 143 

1.4 Cell Surface Characterization 144 

Cell surface characterization through acid-base titration, XPS, and FTIR were performed to 145 

provide information on the surface properties of E. coli cells. Acid-base titration provides proton-146 

exchange properties of the surface functional groups (i.e., pKa values). Proton and hydroxide 147 

concentrations are more precisely obtained by acid-base titration at low detection limit compared 148 

to spectroscopic techniques (Ojeda et al., 2008). FTIR spectroscopy and XPS characterize the 149 

macromolecular structure and composition of the bacterial surface. FTIR identified potential 150 

functional groups from lipids, proteins, and carbohydrates on the cell surface. XPS was used to 151 

estimate the relative elemental surface composition. The combination of analyses offers a 152 

comprehensive understanding of the cell surface properties as an initial step toward understanding 153 

the cells’ response under different conditions. 154 

 155 

1.4.1 Acid-Base Titration 156 

Cultures of control, uninduced, and induced cells were centrifuged at 6000 r/min at room 157 

temperature and the collected pellets were washed with 0.01 mol/L NaCl. This process was 158 

repeated three times to remove LB media residue. The pellets were resuspended in a background 159 

electrolyte of 0.01 mol/L NaCl with OD600 = 2 (~ 0.78 g bacteria/L). Samples were purged with 160 

N2 gas for 5 min to remove atmospheric CO2 gas. Next, 20 mL of bacterial suspension was 161 
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transferred to a polypropylene titration vessel. Titration was performed using an EasyPlusTM 162 

titrator (Mettler Toledo, Easy pH) at room temperature. All samples were initially acidified to pH 163 

≈ 3.5 using 0.01 mol/L HCl, followed by titration with 0.01 mol/L NaOH to ultimately reach pH 164 

10.5.   165 

 166 

ProtoFit GUI 2.1 rev1 software using surface complexation models such as the constant 167 

capacitance model (CCM) and non-electrostatic model (NEM) was used to determine pKa values. 168 

The CCM requires one fit parameter (i.e., capacitance of electrical double layer) while the NEM 169 

does not require any parameters (Turner and Fein, 2006). The extended Debye-Huckel activity 170 

coefficient model was used as it is considered the most accurate model for ionic strength up to 0.1 171 

mol/L (Langmuir, 1997). Three-site functional group and four-site functional group specifications 172 

were applied and compared for best fit simulation. The surface area of E. coli was calculated using 173 

an average cell length of 2 µm and 1 µm diameter. The cell number from the optical density reading 174 

and the dry weight of the cells were used to calculate the specific surface area (16.2 m2/g dry 175 

weight). 176 

 177 

1.4.2 Macromolecular structure and composition of the bacterial surface 178 

For X-ray photoelectron spectroscopy (XPS) analysis, E. coli cells were suspended in 10 mmol/L 179 

Tris-HCl and 1 mmol/L MgCl2 at pH 7, frozen at -20℃, and freeze-dried, as previously reported 180 

(Van Der Mei et al., 2000). Frozen samples of control cells, uninduced cells, and induced cells 181 

were mounted on the bench-top freeze dryer manifold (Millrock Technology BT85A) at 150 mT 182 

and -48℃ for 48 hr. The resulting powder was analyzed using a Perkin-Elmer PHI 5400 ESCA 183 

system equipped with a Mg Kα X-ray source (1253.6 eV). A wide survey scan with pass energy 184 

100 eV and 1 eV step size was conducted for each sample, providing a path depth 2-5 nm into the 185 

surface layer. CasaXPS 2.3.19 software was used to generate the XPS spectra for all samples and 186 

calculate the surface atomic concentrations of C, N, O, and P. 187 

 188 

For Fourier transform infrared spectroscopy (FTIR) analysis, bacterial suspensions (in 10 mmol/L 189 

Tris-HCl and 1 mmol/L MgCl2 at pH 7) were examined using an IR Tracer-100 FTIR spectrometer 190 

(Shimadzu Scientific Instruments) with a KBr beam splitter. Spectra for all samples were obtained 191 

over 50 scans with a resolution of 2 cm-1 and a wavenumber range from 4000 to 400 cm-1. The 192 



  

8 
 

spectrum of the background solution was subtracted from the bacterial suspensions’ spectra. 193 

Functional group presence was ascertained using corresponding peak wavenumbers. 194 

  195 

1.5 Phosphorus Desorption and Adsorption Batch Experiments 196 

To run the batch experiments, desorption tests were initially performed to remove legacy Pi since 197 

the cells were cultured in highly concentrated Pi medium (150-170 mg-PO4
3-/L). The cell pellets 198 

were washed with buffer (10 mmol/L Tris-HCl and 1 mmol/L MgCl2 at pH 7) and centrifuged 199 

twice at 6000 r/min. The pellets were then resuspended in the same buffer at OD600 = 2. The 200 

desorption capacity of the control, uninduced, and induced cells was investigated at different buffer 201 

pH (3.5, 5.5, 7, 8.5, and 10.5). The effects of temperature (20, 30, and 40℃) and ionic strength 202 

(0.1, 0.3, 0.5, 0.7, 1 mol/L KCl) were also studied. In all tests, cell concentrations were maintained 203 

at OD600 = 1. All tests were conducted in triplicate at room temperature for 3 hr and 250 r/min 204 

mixing in Tris-HCl buffer unless otherwise specified. The final phosphate concentration in all tests 205 

was measured using the standard ascorbic acid method (APHA, 2005).  206 

 207 

For adsorption tests, three different treatment conditions were initially applied to initiate phosphate 208 

desorption from the cells before conducting the adsorption experiments: cell starvation under low-209 

Pi conditions, variable pH and temperature, and enzymatic treatments. One set of cells was 210 

suspended in Tris-HCl buffer at pH 7 for 15 hr (starvation treatment). A second set of cells was 211 

suspended in Tris-HCl solution at pH 10 and 40℃ for 3 hr (pH and temperature treatment). The 212 

last set of cells was suspended in Tris-HCl at pH 7 with 1 unit/mL polynucleotide phosphorylase 213 

(PNP) and 1 mmol/L of 7-methylguanosine for 3 hr (enzymatic treatment). All treated cells were 214 

centrifuged at 6000 r/min and resuspended in phosphate solution (either 7 mg PO4
3-/L or 70 mg 215 

PO4
3-/L) for 3 hr. 216 

 217 

1.6 Statistical Analysis 218 

Two-way ANOVA followed by Tukey post-hoc analysis was performed to assess the differences 219 

in phosphate capture and release due to test factors, i.e., temperature, pH, ionic strength, and cell 220 

type. Nonparametric Kolmogorov–Smirnov analysis was used to compare the acid-base titration 221 

curves. All statistics were performed using GraphPad Prism with a significance level of α = 0.05.  222 

 223 
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2. Results and Discussion 224 

2.1 Confirmation of Surface Expression using SDS-PAGE, Western Blot Analyses, 225 

and Outer Membrane Separation 226 

Expression of the fusion protein (INP + PstS) in the recombinant E. coli BL21 (AI) cells was 227 

confirmed via SDS-PAGE analysis (Fig. 1a). Relative to the other samples, a distinct band is 228 

visible for the induced PstS cells at a molecular weight (MW) of 60 kDa, which is the expected 229 

size of the PstS and INP proteins together. Two other notable bands are present at a MW of 35 230 

kDa for PstS and 25 kDa for INP. Separation of the two proteins might result from protease attack 231 

on the N-terminal of the INP protein, as observed by Li et al., (2003) and Li, et al. (2009). 232 

 233 

The specificity of the His-tag fusion was confirmed via western blotting. As shown in Fig. 1b, no 234 

bands were observed in the expected size ranges for either the control cells or the uninduced cells. 235 

The induced cell sample was characterized by two distinct bands at 60 kDa (full size of INP + 236 

PstS) and 25 kDa (size of INP only). These results confirmed expectations since the His-tag region 237 

of the constructed plasmid was located ahead of the InaK-N gene sequence (associated with the 238 

INP protein). Quantification of the western blot results was performed using Image Studio Lite 239 

software (version 5.2.5), and indicated that approximately 27% of the overexpressed protein was 240 

present in the full fusion form (Supplementary Data Table S1).  241 

 242 

To verify the location of the PstS protein, an outer membrane fractionation procedure was 243 

performed to isolate cellular fractions (Park et al., 2015). The outer membrane fraction was 244 

obtained by enzymatic treatment with lysozyme to hydrolyze the peptidoglycan layer followed by 245 

liposome isolation using Triton X-100 as a detergent. Fig. 1c shows the SDS-PAGE results from 246 

the outer membrane fraction and the cell lysate (from the internal cellular constituents) fractions. 247 

A distinct band is visible at 35 kDa for the outer membrane fraction, corresponding to the size of 248 

the PstS protein. Alternately, low levels of PstS protein are indicated by weak bands for the 249 

duplicate cell lysate samples. Altogether, the SDS-PAGE, western blot, and outer membrane 250 

separation analyses demonstrated successful PstS protein expression and localization on the 251 

outermost surface of the E. coli cells. 252 

 253 
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2.2 Cell Surface Characterization 254 

2.2.1 Acid-Base Titration 255 

The typical titration curve for all cells -- control cells (CC), uninduced cells (UC), and induced 256 

cells (IC) -- is illustrated in Fig. 2a. The curves for all cell types shifted toward the right starting 257 

at pH ≈ 5.5 compared to the titration curve for the background solution (electrolyte solution 0.1 M 258 

NaCl). Thus, the presence of the bacteria provided additional buffering capacity. The active 259 

functional groups on the cell surfaces provide buffering capacity as they consume additional base 260 

via deprotonation (Ngwenya et al., 2003). The titration data for the control cells was significantly 261 

different than uninduced and induced cells. The titration curve for the control cells suggests a 262 

higher presence of protonated functional groups (greater buffering capacity) on the surface 263 

compared to either the induced or uninduced cells. Fig. 2a also shows four regions characterized 264 

by different behavior, possibly indicative of different surface pKa values (i.e., below pH ≈ 5, 265 

between pH ≈ 5 and pH ≈ 6.2, between pH ≈ 6.2 and pH ≈ 9.4, and above pH ≈ 9.4).  266 

 267 

Figs. 2b, 2c, and 2d show the three-site constant capacitance model (CCM) and three-site non-268 

electrostatic model (NEM) fits for the raw titration data for the control cells, uninduced cells, and 269 

induced cells, respectively. The control and uninduced cells were best fit using the CCM, whereas 270 

the induced cells were best fit using the NEM. The CCM assumes that surface charge is 271 

homogeneously distributed over the bacterial surface, giving rise to relatively simple electrostatic 272 

field behavior (Ojeda et al., 2008). Therefore, the existence of extra charged molecules on the 273 

surface (i.e., protein) might disturb the homogeneity of the surface charge distribution. The 274 

calculated pKa values from both models are listed in Table 1. Regardless of cell type, the two 275 

models predicted similar values for pKa2. However, the predicted pKa1 values using the CCM were 276 

consistently lower than the values from the NEM, whereas the opposite was true for the predicted 277 

pKa3 values (where CCM results were consistently higher than NEM). Sites with pKa values of 278 

3.15 to 4.5 may be indicative of the presence of carboxyl groups, sites with pKa 5.36-6.15 would 279 

be assigned to the phosphate group, and sites with pKa 7.46-9.75 could be tentatively assigned to 280 

hydroxyl and amine groups. Reported pKa values vary for the carboxyl group from 2-6, for the 281 

phosphate group from 5.6-7.2, for the amine group 8.6-9, and for hydroxyl from 8-12 (Dittrich and 282 

Sibler, 2005; Guiné et al., 2006; Haas, 2004; Hong and Brown, 2006; Ojeda et al., 2008).  283 

 284 
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Considerable difference was observed between the pKa3 values for the induced cells compared to 285 

other cells. The higher value may correlate to the presence of PstS protein on the surface of E. coli, 286 

which may provide an additional deprotonated functional group based on the theoretical isoelectric 287 

point (pHpzc) of PstS of 8.39 (calculated based on the sequence of amino acids, 288 

https://web.expasy.org/compute_pi/). Alternately, the average pHpzc for unmodified E. coli cells is 289 

6.6 (strain K12, from the proteome isoelectric point database [Kozlowski, 2016]). This is further 290 

demonstrated through the calculated pHpzc for the cells (Table 1), which demonstrated that the 291 

induced cells have a higher pHpzc value compared to the uninduced and control cells.  292 

 293 

2.2.2 Macromolecular structure and composition of the bacterial surface 294 

The XPS wide scan for the control cells, uninduced cells, and induced cells is shown in Fig. 3a. 295 

The overlying spectra reveal many peaks identified as C, N, and O elements, with other peaks 296 

identified as Cl, S, and P. Notably, the outermost cell surface (2-5 nm penetration depth) contains 297 

mainly C, N, and O. The carbon peak can indicate a carboxylic group R-COO-, and the oxygen 298 

peak may be attributed to a single-bond oxygen in hydroxide or an acetal group (Ojeda et al., 299 

2008). The nitrogen peak likely represents amine or amide groups characteristic of proteins, and 300 

the phosphorus can be attributed to phosphate groups (Dufrêne et al., 1997; Omoike and Chorover, 301 

2004; Van Der Mei et al., 2000). The atomic composition of the bacterial surface resulting from 302 

the integration of the C1s, N1s, O1s, and P1s peaks is listed in Fig. 3a. The values of total carbon 303 

were similar for induced and uninduced cells, at approximately 10% more than the control cells. 304 

Other compositions varied amongst the cell types. The oxygen content was higher in control cells 305 

compared to induced and uninduced cells, whereas the nitrogen content was lower in control cells 306 

compared to the other cells. This ostensibly stems from the addition of the fusion protein (the 307 

backbone structure of which is a combination of amino acids, i.e., carbon and nitrogen 308 

constituents) in the induced and uninduced cells. Although XPS analysis provided quantitative 309 

characterization of the surface composition, the results are highly sensitive and can vary due to 310 

minor variations such as OD600 readings, peak limits, and the cell pellet washing procedure.  311 

 312 

The FTIR spectrum conveys molecular-level information about the functional groups on the cell 313 

surface (Fig. 3b; peak functional group assignments are listed in the Supplementary Data Table 314 

S2). As all cells were from the same strain, similar FTIR spectra were expected, with slight 315 
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differences between the cell types as a result of protein overexpression. The spectrum for the 316 

induced cells exhibited higher intensity peaks in the protein region (~1400-1700 cm-1). Three 317 

functional groups were identified in this region: C=O stretching in amides (amide I at wavenumber 318 

≈1654 cm-1), N-H bending and C-N stretching in amides (amide II at wavenumber ≈1540 cm-1), 319 

and C-H deformation of methylene (CH2) or methyl (CH3) groups of proteins at wavenumber 320 

≈1455 cm-1. Additionally, a hydroxyl group peak was identified (COOH at wavenumber ≈1270 321 

cm-1). The outcomes of FTIR spectra were consistent with previous examinations of cell surfaces 322 

of different bacterial strains (Dittrich and Sibler, 2005; Filip et al., 2008; Jiang et al., 2004).  323 

 324 

Results from the cell surface characterization analyses can inform more mechanistic linkages 325 

between the surface-expressed system and its associated phosphate removal and recovery 326 

capabilities.  327 

 328 

2.3 Phosphorus Desorption Batch Experiments 329 

Before initiating adsorption tests, Pi desorption was performed to prepare the proteins for effective 330 

Pi capture, analogous to the regeneration phase of phosphate ion exchange media. Thus, desorption 331 

tests were initially conducted to remove legacy Pi since the cells were cultured in highly 332 

concentrated Pi medium (150-170 mg-PO4
3-/L). As detailed in the following sections, the use of 333 

an active cell-based system introduced potential for variations in the influence of temperature, pH, 334 

and ionic strength not only on phosphate capture and release using the surface-expressed PstS 335 

proteins, but also on the cell’s basic functions related to Pi uptake and release. For simplicity, we 336 

have adopted the terms “adsorption” and “desorption” to characterize Pi capture and release, while 337 

recognizing that multiple mechanisms are actually at play in this cellular system.  338 

   339 

2.3.1 Effect of Temperature 340 

Phosphorus desorption from control cells, uninduced cells, and induced cells as a function of 341 

temperature is illustrated in Fig. 4a. Increasing the temperature to 40℃ promoted release of Pi from 342 

all cells, yielding approximately 5-6 times greater release than at 20℃. Yang et al. (2016) also 343 

reported an increase in Pi release by E. coli cells as a function of temperature. At 40℃, the induced 344 

cells desorbed approximately 20% more Pi compared to the control cells. There was a significant 345 

difference between Pi release among the three cell types as a function of temperature, with higher 346 



  

13 
 

temperatures promoting desorption (p = 0.001). However, there was no significant difference 347 

between Pi desorbed from the uninduced cells and control cells at 20℃ (p = 0.64) and 30℃ (p = 348 

0.29).  349 

 350 

Increasing temperature increases the rate of cellular biochemical activity, and this activity depends 351 

on ATP hydrolysis/synthesis. The product of ATP hydrolysis is a free Pi ion that can be used in 352 

further reactions or stored in the cytoplasm as free ions. Increasing the concentration of Pi in the 353 

cytoplasm initiates Pi release through the cell membrane to maintain a tolerable osmotic pressure 354 

inside the cells (Rosen and Silver, 1987). Elevated temperature can increase membrane 355 

permeability, which in turn facilitates movement of Pi ions (Bischof et al., 1995). Accordingly, the 356 

induced cells’ ability to release higher levels of Pi may relate to the presence of overexpressed PstS 357 

protein on the cell surface. As extra Pi ions can be attached to PstS proteins on the surface, higher 358 

levels of Pi are released once the binding affinity is disrupted (e.g., structural disruption in PstS 359 

protein) by an external factor. Therefore, increasing the temperature will facilitate Pi release and 360 

recovery.  361 

 362 

2.3.2 Effect of pH 363 

Adjusting pH significantly affected Pi release amongst the cell types, as shown in Fig. 4b (two-364 

way ANOVA, p = 0.0092). At pH 5.5 and 7, there was no significant difference in the amount of 365 

Pi released amongst the cell types (p = 0.087). This pH range has no impact on the intracellular pH 366 

of E. coli cells, so metabolism, ion transport, and other cellular functions will perform regularly 367 

(Slonczewski et al., 2009). Furthermore, no difference was expected between the cell types as 368 

proteins are structurally stable in the circumneutral pH range. In contrast, acidic and basic 369 

conditions noticeably impacted Pi release.  370 

 371 

At pH 3.5, the control and uninduced cells released approximately 50% more Pi than the induced 372 

cells. In order to lessen the deleterious effects of high proton levels under low pH conditions, 373 

several molecular strategies are employed for acid resistance (Lund et al., 2014). The most well-374 

known strategies are proton pumping, cell membrane modification, production of ammonia and 375 

proton-consuming decarboxylation reactions, repairing or damage prevention of proteins, and urea 376 

breakdown (Kanjee and Houry, 2013; Lund et al., 2014). Proton pumping could be a reason for 377 
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the increases in Pi release at low pH observed here. Through this mechanism, protons are exported 378 

from the cytoplasm to the extracellular space, which requires energy provided by ATP hydrolysis 379 

(Lund et al., 2014). Potential pathways for release of free Pi ions produced during this reaction 380 

might be (i) phosphorylation reactions inside the cell or (ii) active transport outside the cell to 381 

neutralize external surface charges. The strong acidic condition affects the surface charge of 382 

proteins, providing a positive net surface charge. Consequently, the protein’s structure is 383 

destabilized, and the protein’s functionality is lost (Appling et al., 2016). Although the PstS 384 

protein’s phosphate-binding site might be disrupted, it is possible that free Pi ions would be 385 

electrostatically attracted to the PstS protein’s surface. Hence, less Pi would be released by the 386 

induced cells. 387 

 388 

Under basic pH conditions, induced cells offered the highest Pi release (p = 0.0092). For all cell 389 

types, increasing the pH from 8.5 to 10.5 increased Pi release by approximately 60-70%. Similar 390 

to acidic conditions, E. coli cells may be capable of several possible passive and active responses 391 

to high pH conditions. Three possible categories of actions include chemical processes, metabolic 392 

responses, and cell wall destabilization (Claessens et al., 2004). In metabolic responses, proton 393 

pumping can be used to prevent proton leakage by actively transporting protons against the 394 

concentration gradient. This utilizes ATP as an energy source to initiate proton transport. ATP 395 

hydrolysis reactions provide additional free Pi ions in the cytoplasm. Proton pumping might be 396 

responsible for the increased release of Pi ions. Strong basic conditions affect proteins’ surface 397 

charge, providing a negative net surface charge. Therefore, the protein’s structure will be 398 

destabilized, and the protein’s functionality will be lost (Appling et al., 2016). The phosphate-399 

binding site of the PstS protein would thus be disrupted, and the bound Pi ions would be released.  400 

 401 

Overall, acidic and basic pH conditions promoted Pi release, with the PstS protein releasing more 402 

Pi at basic pH levels compared to acidic conditions. These results show that basic conditions may 403 

be used for Pi release and recovery using the cell surface-displayed system. 404 

 405 

2.3.3 Effect of Ionic Strength 406 

The impact of ionic strength on Pi release from all cells is shown in Fig. 4c. Desorption of Pi from 407 

all cells significantly increased as ionic strength increased (two-way ANOVA, p = 0.0055). 408 
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Induced cells released more Pi than control and uninduced cells at each ionic strength. The induced 409 

cells’ Pi release capacity was approximately 30% to 70% greater than the other cells.  410 

 411 

Normally, E. coli responds to ionic stress by ion transport and osmotic adjustment (Shabala et al., 412 

2009). Ions can be exchanged (influx/efflux) between the extracellular space and the cytoplasmic 413 

pool of ions; cells can also synthesize anions and osmolytes to restore turgor pressure and the 414 

normal ionic strength inside the cells (Shabala et al., 2009). Two intracellular possibilities could 415 

explain the effect of ionic strength on Pi desorption. First, simple diffusion of Pi ions might occur 416 

considering that the intracellular concentration of PO4
3- is higher than the extracellular 417 

concentration. Second, ion exchange with Clˉ would happen (i.e., Clˉ influx and PO4
3- efflux). 418 

These explanations would affect induced, uninduced, and control cells.  419 

 420 

The binding affinity of PstS is also affected by ionic strength (Wang et al., 1994). The dissociation 421 

constant of the PstS-Pi complex (Kd) increases approximately 20-fold at 0.3 mol/L NaCl compared 422 

to no-salt solution (Ledvina et al., 1998). Affinity of PstS for anions was found to be insensitive 423 

to the surface charge potential of the cleft region (functional site), but extremely sensitive to 424 

electrostatic effects at the level of local hydrogen bonding interactions (Ledvina et al., 1998). Thus, 425 

increased ionic strength disrupts hydrogen bonds, leading to Pi release from the binding site. 426 

Therefore, induced cells would offer greater Pi desorption compared to other cells, as observed 427 

here. 428 

 429 

2.4 Phosphorus Adsorption Batch Experiments 430 

Adsorption batch tests were conducted using control cells and induced cells (the uninduced cells 431 

were not tested as they performed similarly to the control cells in desorption experiments). The 432 

cells’ capacity to remove Pi from solution was investigated following an initial desorption step 433 

(starvation, pH & temperature, or enzyme). The pH (10.5) and temperature (40℃) conditions were 434 

selected based on the previous desorption batch results. Starvation and enzyme conditions were 435 

proposed as additional approaches to be tested. Following desorption, the cells were suspended in 436 

two different phosphate solutions (7 mg-PO4
3-/L or 70 mg-PO4

3-/L; the cells’ exhibited low ability 437 

to remove Pi at low initial concentrations, i.e., 1 mg/L), and the resulting Pi removals are shown in 438 

Fig. 5a and Fig. 5b, respectively. Starvation, pH & temperature, and enzymatic conditions were 439 



  

16 
 

used to target minimal initial cellular Pi levels to prepare the E. coli cells for Pi adsorption. The 440 

most effective condition to prepare cells for Pi removal was “starvation,” wherein control and 441 

induced cells were suspended in 10 mmol/L Tris-HCl solution at pH 7 for approximately 15 hr. 442 

This condition effectively released Pi for induced cells at both Pi concentrations, but was not 443 

effective at 7 mg PO4
3-/L for control cells (p = 0.636). Under these conditions, additional Pi ions 444 

were released from the control cells (rather than Pi removal). The free Pi in the cytoplasm was 445 

likely still too high, preventing the cells from uptaking additional Pi. The induced cells provided 446 

approximately 48% additional Pi removal under starvation conditions with an initial concentration 447 

of 70 mg PO4
3-/L. Starvation conditions may force the cells to consume the pool of free Pi in the 448 

cytoplasm, of which potentially less is available in induced cells compared to control cells. Induced 449 

cells would encounter additional stresses during the induction and translocation of fusion protein 450 

(INP + PstS), which would require more production of ATP by utilizing the free Pi in the 451 

cytoplasm.    452 

 453 

Enzymatic and pH & temperature conditions did not significantly affect adsorption at low Pi 454 

concentrations for either cell type (p = 0.872 and p = 0.991, respectively). However, pH & 455 

temperature adjustment was more effective for Pi adsorption than enzymatic treatment at higher Pi 456 

concentrations. Enzyme addition might only affect the external surrounding and the fusion protein. 457 

The PNP enzyme helps to remove free Pi from solution by converting it to ribose 1-phosphate 458 

(Brune et al., 1994). However, pH & temperature adjustment might affect both the internal 459 

function of E. coli cells and the fusion protein. Induced cells adsorbed approximately 22% more 460 

Pi than control cells under adjusted pH & temperature conditions. These general observations are 461 

in accordance with the expectation that induced cells would adsorb more Pi than control cells due 462 

to the presence of the PstS protein.  463 

 464 

3. Conclusions 465 

A cell surface-expressed PstS protein system was successfully developed and characterized for Pi 466 

removal and recovery. Increasing temperature (up to 40℃) and ionic strength (up to 1 mol/L) 467 

increased phosphate release by 20% and 50%, respectively. Acidic and basic pH conditions also 468 

promoted phosphate release, with the PstS protein releasing ≈ 63% more phosphate at basic pH 469 

levels compared to acidic conditions. Increasing phosphate removal from solution was achieved 470 
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when E. coli cells were exposed to starvation conditions with low levels of Pi available. Induced 471 

cells provided 48% higher phosphate removal compared to control cells, although removals were 472 

generally low. 473 

 474 

Adsorption/desorption results provided proof-of-concept of the feasibility of Pi release and 475 

recovery using cell-surface expressed PstS. However, further studies are needed to optimize 476 

performance in order to achieve higher phosphate removal as cellular functions impeded controlled 477 

Pi recovery. Also, investigating other microorganisms targeting more stable induction of the fusion 478 

protein is recommended. Inducing mutants in the Pst transport system to confine the cellular 479 

interaction might increase the efficiency of the fusion protein in phosphate adsorption and 480 

desorption applications. The system must also be tested and optimized for future 481 

wastewater/natural water applications.      482 
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List of Tables 615 

Table 1  616 

Deprotonation constants (pKa) and point of zero charge (pHpzc) as calculated with ProtoFit GIU 617 

using the constant capacitance model (CCM) and non-electrostatic model (NEM) for control cells, 618 

uninduced cells, and induced cells. 619 

 620 

 621 

  622 

Cell Type 
 

Constant Capacitance Model 

(CCM) 
 

Non-Electrostatic Model 

(NEM) 

 pKa1 pKa2 pKa3 pHpzc  pKa1 pKa2 pKa3 pHpzc 

Control Cells   3.88 5.81 8.08 5.91  4.50 5.50 6.15 6.11 

Uninduced Cells   3.15 5.45 8.05 5.54  4.45 5.36 7.46 6.75 

Induced Cells   3.20 5.99 9.75 6.08  4.40 6.00 8.58 7.73 
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 624 

 625 

 626 

 627 

 628 
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 630 

 631 

 632 

 633 

 634 

 635 

Fig. 1 Protein verification, expression, and separation analyses. (a) Protein verification using SDS-PAGE analysis of control cells 636 

(lane 2: before IPTG induction [Control Uninduced]; lane 3: after IPTG induction [Control Induced]) and PstS cells (lane 4: before 637 

IPTG induction [PstS Cells Uninduced]; lane 5: after IPTG induction [PstS Cells Induced]). Lane 1 is the protein marker. (b) 638 

Protein expression using Western Blot analysis shows two distinguished bands for the induced cells, corresponding to INP only 639 

and INP + PstS together. (c) SDS-PAGE analysis of the outer membrane (OM) separation analysis of the induced cells showing 640 

the presence of PstS in the OM fraction rather than the cell lysate fraction. 641 
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 653 
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 655 

 656 

 657 
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 659 

 660 

 661 

Fig. 2 (a) Typical acid-base titration curves for induced cells (IC), uninduced cells (UC), and 662 

control cells (CC) suspended in 0.01 mol/L NaCl with final OD600 = 2. BG = background 663 

solution (0.1 mol/L NaCl). (b), (c), and (d) three-site (2 acid and 1 base) constant capacitance 664 

model (CCM) and three-site (2 acid and 1 base) non-electrostatic model (NEM) curve fits for 665 

CC, UC, and IC, respectively. 666 
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 691 

 692 

Fig. 3 (a) XPS spectra for freeze-dried samples of control cells, uninduced cells, and induced 693 

cells. Acquisition with pass energy 100 eV and 1 eV step size using Mg Kα X-ray source. 694 

The inset table shows the percentage atomic concentration of C, N, O, and P on the bacterial 695 

surface calculated from the XPS spectra. (b) Infrared spectra of control cells, uninduced cells, 696 

and induced cells suspension in 10 mmol/L Tris-HCl solution at a final OD600 = 2. The spectra 697 

are vertically offset for clarity. Peaks were identified and functional groups were assigned as 698 

shown in the Supplementary Data Table S2. 699 
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Fig. 4 Phosphate desorption from control cells (CC), uninduced cells (UC), and induced cells 727 

(IC) with final OD600 = 1 as a function of (a) temperature, (b) pH, and (c) ionic strength. All 728 

experiments were conducted in triplicate, and error bars denote ±1 standard deviation. 729 
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 751 

Fig. 5 Phosphate uptake by control cells and induced cells after desorption conditions 752 

(starvation, pH & temperature, and enzyme). Two phosphate concentrations were selected 753 

for adsorption tests (a) 7 mg PO4
3-/L and (b) 70 mg PO4

3-/L. All phosphate adsorption 754 

experiments were conducted in triplicate for 3 hr at room temperature, 250 r/min mixing, and 755 

pH 6.7. Error bars denote ±1 standard deviation.  756 
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