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Abstract  
HIV infections remain a major public health issue with no current cure: in 2015, 

the disease led to the deaths of 1.1 million people [1]. A viable preventative is Griffithsin 

(GRFT), a lectin that binds and neutralizes the HIV viral envelope by blocking 

glycoproteins that are needed for the virus to recognize target cells. The protein is being 

studied as a highly effective pre-exposure prophylactic therapy [2]. However for it to 

become a preventative, particularly in the developing world, product cost and stability 

are key barriers that need to be resolved before widespread use. We have developed an 

initial and low cost downstream process that requires three steps to purify GRFT from E. 

coli fermentations taking advantage of the protein’s unique melting temperature, 

isoelectric point, and size. SDS-PAGE revealed that the purification steps designed are 

capable of retaining GRFT while LS/MS/MS proteomics has proven enrichment of GRFT 

throughout the process. This study also successfully establishes a baseline of what 

proteins act as contaminants identifying 22 top gene deletion candidates guiding future 

strain engineering efforts. 
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1. Introduction 
Despite advances in recent decades in the awareness, prevention, and 

management of Human Immunodeficiency virus (HIV) and Acquired 

Immunodeficiency Syndrome (AID), the disease remains a global pandemic responsible 

for 1.9 million new diagnoses and 1.1 million deaths each year based on a 2016 UN 

Report [1]. To exacerbate the problem, a disproportionate amount of the burden falls on 

Sub-Saharan Africa, which accounts for 70% of HIV cases worldwide [1]. With no 

vaccines or cures for HIV/AIDS on the horizon, there is a dire need for a complementary 

prevention strategy that is female-controlled, fast, effective, widely distributable, and 

easy to use. One promising approach would be the development of an HIV-neutralizing 

drug suitable for delivery via a vaginal gel, fast-acting insert, or vaginal ring using 

Griffithsin (GRFT) [1].  

GRFT is a lectin capable of binding the gp120 glycoproteins of the HIV capsid 

and thereby preventing the infection [2]. Native to marine red alga, Griffithsia sp. was 

discovered by researchers at the National Cancer Institute (NCI) and has since shown a 

promising ability to line mucosa and create a stable barrier against HIV infections in 

animal models [4]. In order for GRFT to become a viable preventative, particularly in the 

developing world, product cost and stability are key issues that need to be addressed. It 

is estimated that for a vaginal gel based application, upwards of 1-2 mg/mL or 2 

mL/dose of GRFT may be required per sexual encounter [19, 26]. The average cost of 
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pharmaceutical proteins (biologics) in the United States in 2013 were found to be $45 per 

day or $16,425 per year while the average wholesale cost of delivering antiretroviral 

therapy (ART) for HIV/AIDS drugs in 2016 was found to cost $48.99 a day or $17,638 per 

year [34, 30]. In order for GRFT to be competitive to these prices, GRFT’s target cost 

must be at pennies per dose, exhibiting the importance of the need to create a low cost 

product and solution [20, 25].  

Unfortunately, the current production of GRFT in tobacco plants is expensive, 

laborious, and unlikely to scale to the volumes needed for clinical application with the 

current process limited to purities of around 85% or less [3]. Alternatively, modern 

genetic and metabolic engineering tools available for systems such as Saccharomyces 

cerevisiae and Escherichia coli make these hosts interesting candidates for GRFT 

production [5, 12]. By leveraging such tools for the production of GRFT in E. coli, it is 

possible to achieve the efficiency, scale, and cost metrics required to transition GRFT 

from an academically interesting protein to a viable tool in the global fight against 

HIV/AIDS.  

Work at Duke University is currently underway in using genetic engineering of 

E.coli for optimized GRFT production, tackling the upstream processing (USP). As 

upstream titers depend mostly on biological limits such as cell line or media 

optimization, the costs associated with these are less of a limitation compared to the 

downstream processing (DSP). This is because USP manufacturing with higher and 
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lower titers take place in the same reactor set-ups while this is not true for DSP. 

Therefore, DSP and product purification can be one of the most expensive costs of 

producing protein therapeutics like GRFT [22-24]. In order for GRFT to be a viable 

solution to tackling the global epidemic, a simple and low cost purification method is 

crucial. 

In this work, we report the development of a low cost process resulting in highly 

pure and active GRFT from E. coli fermentations. The designed purification process 

leverages GRFT’s high melting temperature (78.8°C), isoelectric point (5.7 pH), and 

monomer size (12.7 kDa). With these three critical factors, the purification design 

consists of first heating E. coli lysate that has GRFT mixed in it, followed by an anion 

exchange chromatography and size filtration process.  In addition, protein quantification 

and proteomics studies on the various steps were performed to quality the protein 

concentrations. Ultimately, 22 proteins were identified that could be deleted in future 

efforts to further optimized E.coli strains. This will increase GRFT purity while offering 

the potential to eliminate one or more downstream unit operations in the future.  

 

1.1 Griffithsin 

GRTF has been shown in vitro to be a highly potent HIV entry inhibitor with its 

effectiveness well documented [4,5,6]. A 121-amino acid protein belonging to the Jacalin 

Lectin family, it was originally isolated from Griffithsia sp. [4]. Its activity is 
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glycosylation-dependent and has exhibited anti-HIV activity at subnanomolar 

concentrations by binding to glycoproteins gp41, gp120, and gp160 on the viral envelope 

[5]. The obstruction results in the blockage of the virus from binding to CD4 receptor-

expressing cells in the host, while also preventing fusing of infected and uninfected cells 

[3-7]. This prevention mechanism acts at a critical step of inhibiting the spread of HIV in 

the body [7]. Additionally, GRFT dimers have been found to have six carbohydrate 

binding sites of mannose, glucose, and N-acetylglucosamine that make it a potent binder 

of glycoproteins. 

 

Figure 1: Three-dimensional structure highlighting the subunits of the 
secondary structures in GRFT. The domain swapped dimers are colored in green or 
blue with the organic mannose residues bound to the binding sites shown in sphere 
representation. Images were generated using the program PyMOL (Delano Scientific 

LLC, Palo Alto, CA, USA) and protein data bank accession number 2GUD. 

In 2012, Shattock and Rosenberg found that there is a window of opportunity 

between exposure and infection during which GRFT as a pre-exposure prophylaxis can 

block the uptake of the virus [7]. GRFT was also demonstrated to have virucidal activity, 
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acting as a potent cytoprotective and anti-replicative agent at mid-to-high picomolar 

concentrations with activities against both T-tropic and M-tropic viruses [4,7].  With no 

evidence of direct cytotoxicity from GRFT to the uninfected cells in antiviral assays to 

date, GRFT has shown strong indications of being a potential safe and effective 

microbicide [8]. 

GRFT is a unique lectin whose structural characteristics enable glycoprotein 

binding, existing almost exclusively as a dimer, with its monomeric forms rarely 

observed [6, 8]. Structurally, GRFT is a β prism of three four-stranded sheets with an 

approximate 3-fold axis. The prism is originally composed of a domain-swapped 

structure where two β-strands of one monomer combine with 10 β-strands of the other 

monomer [8]. Another unique property of GRFT is that it has repeated domains with its 

six independent binding sites for monosaccharide binding sites (Fig. 1) [6].  GRFT also 

contains β-hairpins of Gly66 and Asp67 where the loop has been observed to be much 

shorter than in any other lectins, allowing the structure to be much more open [8]. Side 

chains of Glu56 and Thr76 have been observed to allow GRFT to make strong hydrogen 

bonds to maintain the unique β-prism-I structure, which facilitates its binding [6, 8].  

 

1.2 Limitations in Griffithsin Production 

While GRFT has shown to be an HIV-inhibitor, its largest limitation has been its 

lack of large-scale production to meet research, development, and potential clinical 
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demands [5]. Other than high production costs associated with USP and DSP 

requirements, there has been steep competition against alternative products in the 

market such as the price of a male condom [9]. Consequently, scalable manufacturing of 

GRFT and validation of its safety and efficacy as a topical microbicide is vital for wide-

spread use of GRFT [9]. Therefore, there have been efforts to express GRFT 

recombinantly in different organisms as shown in Table 1.  

GRFT was produced in E.coli with a yield of 819 mg/L and a 66% recovery in 

2005 [5, 11]. Then large-scale production of GRFT in N. bethamiana was achieved with a 

TMV-based expression system yielding 1 g/kg of leaf tissue in 2009 [10]. In this specific 

process, a three-step purification procedure generated >99% purity with a yield of 300 

mg/kg of fresh leaf weight [5, 10]. While an advancement, the published GRFT 

manufacturing process used ceramic filtration followed by a two-stage chromatography, 

which are relatively complex methods that require specialized equipment, ultimately 

increasing the production costs [11]. More recently, expression of GRFT in transgenic 

rice (Oryza sativa) with a one-step purification protocol was able to tackle the issue of 

complexity but was only able to recover 74% of GRFT at a purity of 80% yielding 223 

µg/g of dry seed weight [11]. 
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Table 1: Literature review of recombinant expression of GRFT 

Expression Organism Expression 

System 

Year Yield Recovery Recovery 

(%) 

Purification 

Steps 

Purity First Author Ref. 

E. coli BL21 Shake Flask 2005 12 mg/L - - - - Giomarelli, NIH [27] 

E. coli BL21 Fermenter 2005 819 mg/L 542  

mg/ L 

66% 2 53% Giomarelli, NIH [27] 

Nicotiana benthamina 

(Tobacco leaves) 

- 2008 1 g/kg leaf 300 

mg/kg 

30% 3 >99.8% O’Keefe, NCI [9] 

Oryza sativa 

endosperm  

(Rice seeds) 

- 2015 301 mg/kg 

dry seed 

223 

mg/kg 

74% 1 80% Vamvaka, ETSEA [11] 
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Between manufacturing the protein in a plant or E.coli, there are several 

advantages to the latter [12]. E.coli allows for rapid genetic modifications that could 

further enhance GRFT production rather than a plant base system that could take well 

over 50 days for the plant to grow [9, 11]. E.coli also enables rapid development of 

advanced GRFT variants while also providing flexibility to engineer the host strains that 

eliminate co-purifying proteins that would simplify the downstream purification 

process. Thus, in order to tackle a quick and low cost production, E.coli is the most 

viable solution to host GRFT. 

 

1.3 Griffithsin Purification from E. coli Fermentations 

Previously reported studies show that while producing GRFT in E.coli is feasible, 

there is still a need for optimal downstream processing. In this paper, we have 

developed an initial low cost downstream purification process for GRFT consisting of 

three steps. The protein’s biophysical properties, specifically its melting temperature 

and isoelectric point, were taken into account when developing the purification 

methodology. GRFT has a melting temperature of 78.8°C and remains functionally 

stable at temperatures not tolerated by many of the contaminating proteins [13]. 

Conversely, as most native E.coli proteins lack the thermostability of GRFT and at acidic 

pHs, we first used a heating step to denature and precipitate many background host 

proteins then coupled the purification with an anion exchange chromatography. The 
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final step was a simple size filtration. In addition, native host proteins that co-purify 

with GRFT, either as bystanders or due to interactions with GRFT, were analyzed by 

using shotgun proteomics. These proteins are potential candidates for gene deletion as 

well as further studies.  

 

 

Figure 2: Overview of the purification steps. A batch of 158 µL was prepared 
by spiking 152 µL of the prepared lysate at 8.5 mg/mL with 6 µL of native GRFT at 

28.64 mg/mL. A concentration of 88% E.coli and 12% GRFT was aimed for to emulate 
realistic expression and recombinant production. 
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2. Materials & Methods 

2.1 Materials  

 E.coli was retrieved from a 1L fermenter. Native GRFT was a gift from Barry 

O’Keefe at the NIH. The batch was purified by heating with a standard heat block 

(VWR, USA); Q-Sepharose Fast Flow media® (General Electric Healthcare Life Sciences, 

USA) was used to facilitate an anion-exchange chromatography; and Amicon® Ultra-0.5 

Centrifugal Filter 3K Device (MiliporeSigma, Germany) was used for size exclusion 

chromatography. Acetate buffer (83% 0.1 M acetic acid, 17% 0.1 M sodium acetate) was 

applied to the batch before the size exclusion chromatography to separate GRFT with 

the Q-Sepharose to yield a homogenous, highly pure and biologically active protein. 

 

2.2 Strains 

 The E.coli G2Z strain (genotype: F-, λ-, Δ(araD-araB)567, lacZ4787(del)(::rrnB-3), 

rph-1, Δ(rhaD-rhaB)568, hsdR514, ΔackA-pta, ΔpoxB, ΔpflB, ΔldhA, ΔadhE, ΔsspB,  

ΔiclR,  ΔarcA, Δcas3::tm-ugpb-sspB-pro [casA*], gltA-das+4::zeoR) was used to create 

the samples. 

 

2.3 Fermentations  

An Infors-HT Multifors (Laurel, MD, USA) parallel bioreactor system was used to 

perform 1L fermentations, including three gas connection mass flow controllers 
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configured for air, oxygen and nitrogen gases. Vessels used had a total volume of 1400 

mL and a working volume of up to 1L. Online pH and pO2 monitoring and control were 

accomplished with Hamilton probes. Offgas analysis was accomplished with a 

multiplexed Blue-in-One BlueSens gas analyzer (BlueSens. Northbrook, IL, USA). 

Culture densities were continually monitored using Optek 225 mm OD probes, (Optek, 

Germantown, WI, USA). The system used was running IrisV6.0 command and control 

software and integrated with a Seg-flow automated sampling system (Flownamics, 

Rodeo, CA, USA), including FISP cell free sampling probes, a Segmod 4800 and 

FlowFraction 96 well plate fraction collector.  

For the standardized 2-stage process with ~ 10gcdw/L biomass, tanks were filled 

with 800 mL of FGM10 medium, with enough phosphate to target a final E. coli biomass 

concentration ~ 10 g·dcw/L. Antibiotics were added as appropriate. Frozen seed vials 

were thawed on ice and 7.5 mL of seed culture was used to inoculate the tanks. After 

inoculation, tanks were controlled at 37 °C, pO2 of 25%, and pH 6.8 using 5 M 

ammonium hydroxide and 1 M hydrochloric acid as titrants. The following oxygen 

control scheme was used to maintain the desired dissolved oxygen set point. First gas 

flow rate was increased from a minimum of 0.3 L/min of air to 0.8 L/min of air, 

subsequently, if more aeration was needed, agitation was increased from a minimum of 

300 rpm to a maximum of 1000 rpm. Finally, if more oxygen was required to achieve the 

set point, oxygen supplementation was included using the integrated mass flow 
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controllers. Starting glucose concentration was 25 g/L. A constant concentrated sterile 

filtered glucose feed (500g/L) was added to the tanks at specified rate, i.e. 2 g/h, once 

agitation reached 800 rpm. In cases where feed rate or dissolved oxygen content needed 

to be varied for robustness study, changes were made after cells entered stationary 

phase. Fermentation runs were extended for up to ~ 50 hours and samples automatically 

withdrawn every 3 hours. Samples were saved for subsequent analytical measurement.  

 

2.4 Sample Preparation For Protein Identification 

E.coli fermentation culture at 11.82 g DCW/L was harvested and centrifuged at 

4,000 rpm for 15 minutes at 4 °C, followed by re-suspension in 2.4 mL of picopure water. 

Cells were then lysed with a Sonic Disemberator at 10 minutes of 10 seconds on, 30 

seconds off, power at 50% (Fisher Scientific, USA). The lysed cells were then cleared by 

centrifugation at 13,000 rpm for 20 minutes at 4 °C yielding clarified lysate. Protein 

concentrations were quantified by Bradford assay and normalized to 8.5 mg/mL protein. 

152 µL of clarified lysate was mixed with 6 µL of native GRFT at 28.64 mg/mL 

representing an 88% / 12% concentration.  

 

2.5 Purification by Heat Treatment 

Since GRFT has an unusually high melting temperature of 78.8°C, the prepared 

sample underwent a heat treatment at 60 °C for a continuous 60 minutes [13]. The batch 
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was cooled to room temperature for 10 minutes before spun down at 14,000 rpm for 15 

minutes. The supernatant was used for subsequent analysis. 

 

2.6 Purification by Anion Exchange Chromatography 

Since GRFT’s isoelectric point is 5.39 pH, an anion exchange chromatography 

was selected for purification. With GRFT’s net negatively charged side chains, it would 

bind with the positively charged Q-Sepharose Fast Flow media® (General Electric 

Healthcare Life Sciences, USA), a strong anion exchanger containing a quaternary amine 

group on a highly cross-linked agarose base matrix. 40 µL of clarified Q-Sepharose 

beads were prepared by initially spinning the solution down at 14,000 rpm for 20 

minutes. The supernatant was thrown away, resuspended in 1 mL of picopure water, 

and then rested for 20 minutes at room temperature. It was then spun down again at 

14,000 rpm for 15 minutes before being mixed in with the batch prepared. The sample 

was equilibrated for 20 minutes at room temperature and then centrifuged at 14,000 rpm 

for 20 minutes. After two subsequent washes with 100 µL of picopure water, the pellet 

was mixed with 65 µL of acetate buffer 4.0 pH to elute GRFT from the Q-Sepharose. The 

batch was allowed to equilibrate for 20 minutes at room temperature. The supernatant 

was used for subsequent analysis. 
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2.7 Purification by Size Filtration 

The final sample was filtered using a 3 kDa size filter that was centrifuged at 

14,000 rpm.  

 

2.8 SDS-PAGE Analysis   

The efficiency of protein purification for the different steps was tested by Sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Samples were mixed 

with Novex® Tris-Glycine SDS 2x (ThermoFisher Scientific, USA), heated for 10 

minutes, run on a 4-20% gradient mini-PROTEAN TGX Precast Protein Gel (Bio-Rad, 

USA) with SDS running buffer, and stained with Coomassie blue. Unstained protein 

standards of broad ranges of 10-200 kDa (New England BioLabs, USA) were used. 

Destain buffer (50% MeOH 10% AcOH) was applied once the gel was sufficiently dyed.  

 

2.9 Characterization with Proteomics  

 For accurate mass analysis of the GRFT molecule, quantitative LC/MS/MS was 

performed on 2 uL of each sample, using a nanoAcquity UPLC system (Waters Corp) 

coupled to a Thermo QExactive Plus high resolution accurate mass tandem mass 

spectrometer (Thermo) via a nanoelectrospray ionization source by the Duke Center for 

Genomic and Computational Biology (Durham, NC). Briefly, the sample was first 

trapped on a Symmetry C18 300 mm × 20 mm trapping column (5 µl/min at 99.9/0.1 v/v 

water/acetonitrile), after which the analytical separation was performed using a 1.7 um 
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Acquity BEH130 C18 75 um × 250 mm column (Waters Corp.) using a 5-min hold at 3% 

acetonitrile with 0.1% formic acid and then a 90-min gradient of 5 to 40% acetonitrile 

with 0.1% formic acid at a flow rate of 400 nanoliters/minute (nL/min) with a column 

temperature of 55°C. Data collection on the QExactive Plus mass spectrometer was 

performed in a data-dependent acquisition (DDA) mode of acquisition with a r=70,000 

(@ m/z 200) full MS scan from m/z 375 – 1600 with a target AGC value of 1e6 ions 

followed by 10 MS/MS scans at r-17,500 (@ m/z 200) at a target AGC value of 5e4 ions. A 

20s dynamic exclusion was employed to increase depth of coverage. The total analysis 

cycle time for each sample injection was approximately 2-hours.  

 

2.10 Criteria for Protein Identification 

 Scaffold (version Scaffold_4.7.5, Proteome Software Inc., Portland, OR) was used 

to validate MS/MS based peptide and protein identifications. Protein identifications 

were accepted if they could establish a Protein Threshold of 1.0% FDR, contained at least 

3 identified peptide, and 95% probability of Peptide Threshold by the Peptide Prophet 

algorithm (Keller, A et al Anal. Chem. 2002;74(20):5383-92) with Scaffold delta-mass 

correction [28]. Proteins that contained similar peptides and could not be differentiated 

based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. 
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2.11 Theoretical Resolution Optimization 

The proteins that were enriched even after all three steps of purification were 

analyzed as a baseline of what proteins are likely contaminants in the designed three-

step purification process. By identifying the enriched protein’s isoelectric point (pI) and 

size, an anion chromatography column and size exclusion system was re-designed for 

future large-scale production. This was done by identifying the retention times, also 

known as the resolution constant (KR) of all the proteins of interest against the KR of 

GRFT. Then the theoretical number of plates needed for a chromatography column was 

estimated combining the theoretical plate and rate theories for column efficiency [31-33]. 

The KR was assumed to be proportionate to the pI of the proteins in this anion exchange 

chromatography, therefore allowing the separation factor (α) to be defined as:  

𝛼 ∝ !"!"#$
!"!"#$%&'#%#$ !"#$%&'

 since  𝑝𝐼 ∝  𝐾!  .  

Based on the theoretical plate and rate theories and in order for complete 

separation of the neighboring contaminant and GRFT peaks, the number of plates that 

were needed was defined as:  

𝑁 >
4

𝑝𝐼!"#$
𝑝𝐼!"#$%&'#%#$ !"#$%&'

− 1

!
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 For large scale industrial plates on the higher end of quality and price, a 

practical limit was estimated to be N<10,000 while a badly packed lab column was set to 

N <1,000. Therefore, based on these assumptions, the pI cutoffs were defined as:  

𝑝𝐼!"#! !"# > 1.04 × 𝑝𝐼!"#$.  and  𝑝𝐼!"#$ !"# × 0.96 >  𝑝𝐼!"#$. 

According to calculations pIGRFT Min. and pIGRFT Max . was  5.17 pH and 5.61 pH, 

respectively. These cutoffs were used to determine the proteins that could be easily 

separable in a uniquely designed chromatography column. Then based on GRFT’s dimer 

size, a ~ 32 kDa filter was set as a size cutoff for the final theoretical purification unit. 
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3. Results  

3.1 Initial Assessment of Purification Process 

 
Figure 3: SDS-PAGE analysis of lysate and GRFT at 88%/12% concentration, 

respectively. The samples were analyzed by Coomassie blue-stained 4-20% gradient 
mini-PROTEAN TGX Precast Protein Gel. Lane M is the molecular weight markers 
loaded at 5 uL.  5 uL of E.coli lysate at 8.5 mg/mL (lane 1), 3 uL of heat treated sample 
of lysate and GRFT - Sample 1 (lane 2), 13 uL of supernatant after the 1st anion wash 
(lane 3), 15 uL of supernatant after the 2nd anion wash (lane 4), 1 uL of sample after 
size filtration – Sample 3 (lane 5), 5 uL of sample after size filtration – Sample 3 (lane 
6), and 5 uL of the permeate after size filtration of Sample 3 (lane 7). 

 

As mapped out in Figure 2, a three step purification process for GRFT that was 

mixed with clarified E. coli lysate was designed that consisted of heating, anion 

exchange chromatography and size filtration. Experiments with purified GRFT spiked 

into cell lysates were used for all experiments and samples were taken at different stages 

of purification as well as washes. In order to evaluate if the designed process would 

work, a Bradford analysis was performed to confirm the existence of proteins in the 

samples (Table 2). Once confirmed, the SDS-PAGE gel established the retention of GRFT 
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throughout the purification steps (Figure 3). The pre-purified batch (Fig. 3, lane 2) 

showed bands representing the clarified lysate while GRFT could be recognized with a 

strong band at 13 kDa. The next two lanes (Fig. 3, lane 3-4) were washes from the anion 

exchange chromatography where potential losses of GRFT could be observed. The 1st 

wash showed higher frequencies and thicker bands than the 2nd wash (Fig 3. Lanes 3-4). 

The final sample that underwent all three purification steps (Fig. 3, lane 5-6) visualized 

promising amounts of GRFT, ultimately confirming the success of the purification units.  

 

Table 2: Bradford analysis of the samples to estimate the protein 
concentrations throughout the purification units. 9.0 uL was used to evaluate the 
samples.  In each sample, protein concentration was confirmed.  

Lane (Fig. 3) Treatment Protein Concentration  
1 Lysate 8.5 mg/mL  
2 No Treatment 8.1 ug/uL 
- Heat Treatment 1.8 ug/uL 
6 Anion Exchange Chromatography, Size 

Filter, Concentrated 
0.7 ug/uL 

 

3.2 Shotgun Proteomics   

 With the Bradford analysis confirming protein concentrations and the SDS-PAGE 

demonstrating enrichment of GRFT throughout the designed downstream process, 

shotgun proteomics was applied to three of the samples to evaluate enriched and 

eliminated proteins between the purification units. LS/MS/MS-based peptide and 

protein identifications were validated using Scaffold, v. 3.4.9 (Proteome Software, USA).  
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Identifications were accepted if they included at least three peptides and could 

be established at greater than 95% Peptide Threshold probability, a 1% FDR for protein 

threshold, and at least 3 peptides as specified by the Peptide Prophet algorithm [29]. 593 

proteins were identified in total (Fig. 6B) with GRFT growing at 5.13%, 12.8%, and 17.8% 

of total protein amount in samples 1, 2, and 3, respectively (Fig. 6A). The Normalized 

Top 3 Total Ion Count (TIC) for the three samples was plotted to depict the spread and 

the total concentration by percentage for all of the proteins that were found amongst the 

three samples (Fig. 4A-C). To highlight the purification of proteins other than GRFT 

between the samples, 100 protein samples over the same area was plotted amongst the 

three samples (Fig. 5A-C). Sample 3 contained 164 proteins that were enriched out of the 

406 proteins remaining from the previous sample, while 241 proteins decreased in total 

percent of the sample. GRFT was one of the proteins enriched.  

 

3.3 Identifying Co-Purifying Proteins 

164 proteins that were enriched at the final sample was further analyzed. These 

native host proteins that were co-purifying with GRFT, either as bystanders or due to 

interactions with GRFT, were potential candidates for gene deletion. To emulate 

industrial methods of designing an ion-exchange chromatography, selectivity was 

determined by first distinguishing the proteins based on their pI and then by size. The pI 

of the 164 proteins was documented and then compared to the pre-calculated pIGRFT Min 
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.of 5.17 pH and pIGRFT Max. of 5.61 pH. There were 111 proteins beyond the pIGRFT Max .and 

pIGRFT Min.  cutoffs. The remaining 53 proteins were then separated by size with a potential 

~32 kDa filter leaving 22 gene targets for potential exploration (Table 3).  

Table 3: Top 22 gene deletion candidates 

Protein Name Size pI 
yhfA 14.5 5.52 
gpt 16.9 5.52 
def 19.3 5.23 

luxS 19.4 5.18 
apt 19.8 5.26 

yrdA 20.2 5.26 
yecD 20.5 5.37 
dcd 21.2 5.6 
ribC 23 5.32 
ycaC 23 5.52 
deoD 25.9 5.39 
pdxJ 26.3 5.61 
ycdX 26.8 5.53 
yqjH 28.8 5.53 
ysgA 29.5 5.57 
hchA 31.1 5.63 
ypfJ 31.4 5.58 
cdd 31.5 5.42 
nfo 31.5 5.43 

mdh 32.3 5.61 
nanA 32.4 5.61 
rihC 32.5 5.23 
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Figure 4: Normalized Top 3 Total Ion Count (TIC) for the three samples (n=593) . Total GRFT percentage in each sample is 
highlighted in red. Samples 1, 2, and 3 are visualized in A, B, and C, respectively.  

A B 
 

C 
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Figure 5: Zoomed in version of Normalized Top 3 Total Ion Count (TIC) for the three samples (n=100). Successful 
purification is evident by comparing the diminishing frequency of TIC Intensity between Fig. 4 and 5. Samples 1, 2, and 3 are 

visualized in A, B, and C, respectively.  

A B 
 

C 
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Figure 6: Enrichment and elimination evaluations of GRFT and proteins. (A) GRFT enrichment is evident based on the 
growing total percentage of its presence. (B) The count of protein elimination, enrichment, and decrease between the three 
samples. (C) Unique proteins and peptides of samples visualized in a Venn diagram. 

A B 
 

C 



 

 
25 

4. Discussion 
In this work, a cost-effective, simple, and, scalable method of purification of 

GRFT produced from E.coli was evaluated. Preliminary analysis indicated that using 

heat treatment, anion exchange chromatography, and size exclusion yielded 

homogeneous and biologically active proteins. It also showed that the purification units 

were sufficient in enriching GRFT from E.coli. The Bradford assay confirmed protein 

concentrations (Table 2). The SDS-PAGE analysis of the purified material confirmed the 

presence of monomer GRFT (13 kDa) throughout the three units (Fig. 3). In order to 

further understand if GRFT was being enriched, the LS/MS/MS analysis demonstrated 

thorough documentation of the 593 proteins found amongst the three samples (Fig. 4-6). 

The results showed that GRFT was successfully being enriched at increasing total 

percentages of 5.13%, 12.8%, and 17.8% between sample 1, 2, and 3, respectively (Fig. 

6A). GRFT also exhibited the highest total concentration percentage amongst all the 

proteins that were detected (Fig. 4A-C) while E.coli was successfully being purified from 

the overall batch (Fig. 4 and 5).  

Shotgun proteomics was critical in estimating the total protein percentage of the 

purified proteins while proving the enrichment of GRFT. It was also vital in providing 

valuable data that led to redesigning the purification units for potential industrial large 

scale manufacturing. By the end of the three purification steps, 164 proteins were 

enriched, including GRFT. The identity of the proteins allowed for pI and size 
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comparisons against GRFT. Then, under the assumption that between 1,000 < N  < 10,000 

of plates would be required for an anion exchange chromatography column, cutoff pI 

values allowed for the theoretical separation of 111 proteins equating to the separation 

of 67.7% of total proteins. This was further refined by designing a 32 kDa size filtering 

purification unit as a third step, eliminating 31 or 58.5% of the co-purifying proteins. The 

remaining 22 gene targets were analyzed and established as non-essential proteins for 

E.coli growth, simplifying future large scale purification of GRFT.  

 

4.1 Limitations, Challenges, and Future Directions 

In this study, a purification protocol was created to explore three GRFT isolation 

strategies. It also assisted in identifying 22 proteins that need to be gene deleted to 

engineer a more efficient E. coli production strain that would require a simplified 

downstream process. Future directions could be taken in expanding the work performed 

in this thesis by building the chromatography column designed in this paper tackling 

the contaminant pIs. Gene editing the 22 identified proteins and creating a more efficient 

strain would also be a complementing future work. Exploring different temperatures to 

heat the batch (beyond 60°C) or the total time (other than 60 minutes) required to further 

elute E.coli could expand the efficiency of the downstream purification. This would not 

only help simplify the downstream process but also demonstrate GRFT’s practical 

advantages for shipping and storage in resource poor areas. Alternative anion exchange 
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chromatography that would minimize the volume or density required could be an 

additional area to explore to tackle the issue of scalability and price competitiveness.  

Ultimately, as topical HIV prophylactic and microbicide, GRFT has the potential 

to be a novel women controlled therapy that can be applied discretely, such as vaginal 

gels, fast-acting inserts, and vaginal rings [1]. With its potential, GRFT could be the 

leading biologic to tackle the HIV epidemic. Additionally, GRFT is a high mannose 

targeting lectin that could potentially not only serve to solely inhibit HIV-1 for women 

but also be used as a protein that combats HIV-1 and HSV-2 simultaneously [9, 11, 16]  
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5. Conclusion 
 A downstream recovery process was developed to decrease the potential cost 

and complexity of producing large quantities of GRFT while increasing protein recovery 

from E. coli fermentations. The utilization of this process on an industrial scale should 

further reduce the cost of GRFT product and may be beneficial for the production of 

other E.coli-made pharmaceuticals. This study also successfully establishes a baseline of 

what proteins are likely contaminants in this process, guiding future strain engineering 

efforts. The 164 proteins that were being enriched were of most interest as these native 

host proteins that were co-purifying with GRFT, either as bystanders or due to 

interactions with GRFT, could be potential candidates for gene deletion. 

 The need for more effective treatments in high resource settings, in combination 

with accessible and cost efficient care in low resource areas represents an R&D, clinical, 

and patient marketing challenge. While development of new therapies has been slow, 

the healthcare divesting, mergers and acquisition scene has been active in the HIV area 

during 2016, illustrating potential investment interest and potential R&D growth. For 

example, on February 22nd, 2016, Bristol-Myers (NYSE: BMY) announced its sale of its 

HIV R&D portfolio to ViiV Healthcare at $350 mm. Under the terms of the transaction 

agreements, BMY also received from ViiV Healthcare potential development and 

regulatory milestone payments of up to $518 million for clinical assets and up to $587 

million for its discovery and pre-clinical HIV programs. On top of this, ViiV Healthcare 
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agreed to pay sales-based milestone payments of up to $750 million for each of its 

clinical assets and up to $700 million for each of its discovery and preclinical programs. 

Such arrangements prove that aside from the social, humanitarian, and health necessity 

of HIV innovations, the market still believes that there is a marketplace for HIV 

medication and products such as GRFT.  

Currently, there are no vaccines or cures for HIV. Since complete elimination has 

not been successful, drugs are used to inhibit viral replication and keep viral loads in the 

blood low. The most popular method employed to slow the growth of the virus is by 

orally taking a cocktail of drugs. Anti-Retroviral Therapy (ART) or High Active 

Antiretroviral Therapy (HAART) are two popular types of combination therapies. While 

there are over 20 drugs licensed and used for the treatment of HIV, the concoction of 

drugs leaves room for error, has difficult side effects, can lead to a lack of compliance 

and most importantly, drug resistance [1]. Alternatively, condoms are currently 

available and are highly effective (98-99%) at preventing the transmission of HIV, 

cultural barriers in highly religious or patriarchal societies have blocked the adoption of 

condoms [1]. As thus, GRFT could play a very critical role in combatting HIV and 

multiple other viruses. Increasing product demands in combination with a market 

introduction of a biologics such as GRFT call for less and less expensive products in 

order to remain competitive [21].  
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Appendix A: Theoretical Anion Chromatography Column 
Design   

In order to distinguish the enriched proteins that may require gene editing, the 

164 proteins from Sample 3 were ranked by pI and size. The pIGRFT Min. and pIGRFT Max . were 

at 5.17 pH and 5.61 pH while size filtration was cut off at ~32 kDa.  

Name MW pI 
'icd'   3.8 

'fkpB' 16.1 4.3 
'mioC' 15.8 4.3 
'xseB' 8.9 4.37 

'moaD' 8.7 4.38 
'sucB' 44 4.38 
'yceD' 19.3 4.45 
'ybbN' 31.7 4.5 
'nfuA' 20.9 4.52 
'rplL' 12.3 4.6 
'trxA' 11.802 4.67 
'bfr' 18.5 4.69 

'nrdB' 43.6 4.69 
'ftnA' 13.2 4.77 
'gldA' 38.12 4.79 
'dhaK' 38.2 4.82 
'iscU' 13.8 4.82 
'dnaK' 69.1 4.83 
'slyD' 20.8 4.86 
'tktB' 73 4.86 
'tsf' 30.4 4.86 

'atpD' 50.3 4.9 
'kdsC' 20 4.94 
'ppiD' 68.2 4.94 
'yciE' 18.9 4.94 
'gloC' 23.7 4.95 
'yoaB' 12.4 4.96 
'efeO' 41.1 4.97 
'hisC' 39.3 5.01 
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'ddlA' 39.1 5.02 
'rplK' 15 5.02 
'ychN' 51.9 5.02 
'ahpC' 20.7 5.03 
'bcp' 17.6 5.03 
'dut' 16.2 5.03 
'ppa' 19.7 5.03 
'aldA' 52 5.07 
'pgk' 41.1 5.08 

'uspA' 16.6 5.08 
'ygiW' 14.13 5.08 
'ADH1'  -- 5.08 
'metK' 41.9 5.1 
'rpe' 24.5 5.1 

'deoB' -- 5.11 
'serA' 44 5.12 
'speB' 33.5 5.12 
'gpmI' 56.2 5.13 
'leuB' 39.5 5.14 
'pdxK' 30.1 5.14 
'groS' 10.5 5.15 
'kdsB' 27.6 5.15 
'aceA' 47.5 5.16 
'luxS' 19.4 5.18 
'betB' 52.9 5.19 
'ilvC' 54 5.2 

'pepD' 52.9 5.2 
'gadA' 52.6 5.22 
'trpS' 37 5.22 
'def' 19.3 5.23 

'rihC' 32.5 5.23 
'potD' 38.8 5.24 
'pepP' 49.8 5.25 
'apt' 19.8 5.26 

'glnA' 51.9 5.26 
'yrdA' 20.2 5.26 
'eno' 45.6 5.32 
'ribC' 23 5.32 
'tyrB' 43.5 5.32 

'maeB' 82.4 5.34 
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'asd' 40.1 5.37 
'serC' 39.2 5.37 
'yecD' 20.5 5.37 
'deoD' 25.9 5.39 
'GRFT' 26 5.39 
'cdd' 31.5 5.42 

'cysM' 32.6 5.42 
'proA' 44 5.42 
'nfo' 31.5 5.43 
'talA' 36 5.43 
'aceE' 99 5.46 
'dcp' 77.1 5.49 
'livK' 39.3 5.49 
'fbaA' 39.1 5.52 
'gpt' 16.9 5.52 

'ycaC' 23 5.52 
'yhfA' 14.5 5.52 
'cat' -- 5.52 

'Z1423' -- 5.52 
'malE' 43.4 5.53 
'ycdX' 26.8 5.53 
'yqjH' 28.8 5.53 
'argE' 42.3 5.54 
'aspC' 43.5 5.54 
'ilvE' 34.1 5.54 
'katE' 84.1 5.54 
'livJ' 39.1 5.54 

'rpsA' 61 5.57 
'ysgA' 29.5 5.57 
'ypfJ' 31.4 5.58 
'dcd' 21.2 5.6 

'pepQ' 50.1 5.6 
'argF' 36.8 5.61 
'mdh' 32.3 5.61 
'nanA' 32.4 5.61 
'pdxJ' 26.3 5.61 
'hchA' 31.1 5.63 
'gor' 48.7 5.64 

'proC' 28.1 5.64 
'tpiA' 26.1 5.64 
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'avtA' 46.7 5.65 
'nagA' 40.9 5.65 
'degQ' 47.1 5.76 
'glcG' 13.7 5.77 
'pyrC' 38.8 5.77 
'gabT' 45 5.78 
'puuE' 44.7 5.78 
'argD' 43.7 5.79 
'lpdA' 50.7 5.79 
'mfd' 129 5.79 
'atpA' 55.2 5.8 
'nfsB' 23.9 5.8 
'yahK' 37.9 5.8 
'cysK' 34.5 5.83 
'glnK' 12.2 5.84 
'gstA' 22.8 5.85 

'mdaB' 21.8 5.85 
ahr' 36.1 5.86 

'thrC' 47 5.86 
'astC' 43.6 5.91 
'carA' 41.4 5.91 
'dsbA' 23.1 5.95 
'gmhA' 20.8 5.97 
'dapA' 31.2 5.98 
'dapD' 31.2 5.98 

'lon' 87.438 6.01 
'metB' 41.5 6.01 
'queD' 13.77 6.03 
'purE' 17.8 6.04 
'glk' 34.7 6.06 

'yfbU' 19.5 6.07 
'yggE' 26.6 6.1 
'fabA' 18.9 6.13 
'can' 25.1 6.16 

'dppA' 60.2 6.21 
'fliY' 29 6.22 
'fbaB' 38.1 6.25 
'ivy' 16.8 6.27 
'rplJ' 18 6.27 

'ydjA' 20 6.31 
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'nagB' 29.7 6.41 
'folX' 14.1 6.51 

'moaC' 17.7 6.59 
'udp' 27 6.59 
'gpr' 38.8 6.72 

'ushA' 61 6.72 
'folE' 24.8 6.8 

'pyrH' 25.9 6.85 
'pyrI' 17 6.9 
'stpA' 15.4 7.95 

'katG1' -- 8.75 
'groL1' -- 9.75 
'ribH' -- 9.76 
'rpsP' 9.1 10.5 
'deoC' -- 44.39 
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