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Abstract 

The translation initiation process is an important checkpoint that assures the correct 

protein production. Within this phase, Initiation Factor IF2 plays an important role along 

all early and late steps of the process. During late reactions, IF2 enhances the joining of 

the 50S subunit to the 30S Initiation Complex (IC) and positions initiator tRNA in the 

70S IC. Concomitantly, IF2 hydrolyses a GTP molecule which led to propose that the 

active hydrolysis of GTP stimulates both above events. However, recent mutagenic 

studies of IF2 showed that inhibiting its GTP hydrolytic activity does not compromise the 

overall translation initiation process. Moreover, biochemical studies indicate that the 

dissociation of inorganic phosphate (Pi) is a late event, prior to the release of IF2. These 

findings indicated that it is the dissociation of Pi that weakens the interaction of IF2 with 

the ribosome. However, the GTP hydrolysis reaction is energetically favorable and may 

actively drive factor release. To elucidate which of the above postulates describe more 

accurately IF2 dependent reactions, here we design, produce and test a novel recombinant 

fluorescent phosphate binding sensor that specifically binds nearby the exit point of Pi 

during protein translation. This protein chimeras could evidence whether the IF2 

dissociation is catalyzed by the Pi dissociation after GTP hydrolysis or by the reaction per 

se. Furthermore, the system provides a novel platform to study and systematically screen 

for new antimicrobial compounds.  

 

Keywords: Protein synthesis, GTP hydrolysis, Antibiotics, Molecular Sensors, 

Phosphate binding proteins.  
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Resumen 

El proceso de iniciación de la traducción constituye un importante punto de control capaz 

de asegurar la correcta producción de proteínas. Dentro de dicha fase, el Factor de 

Iniciación IF2 tiene un papel esencial. En etapas tardías, IF2 es responsable de acelerar la 

unión de la subunidad 50S al Complejo de Iniciación 30S y de acomodar el tRNA en sitio 

P del Complejo de Iniciación 70S. Concomitantemente a estos eventos, IF2 hidroliza una 

molécula de GTP, llevando a muchos autores a proponer que la hidrólisis de GTP, de 

manera activa, estimula dichas reacciones tardías. Sin embargo, recientes estudios de 

mutagénesis puntual y dirigida en IF2 muestran que inhibiendo la actividad hidrolítica 

del GTP, el factor sigue funcionando. Además, estudios bioquímicos indican que la 

disociación del fosfato es un evento tardío previo a la salida de IF2. Estas observaciones 

indicarían que es la disociación del fosfato lo que debilita la interacción del IF2 con el 

ribosoma, mas no la hidrólisis del GTP. No obstante, la reacción de hidrólisis de GTP es 

favorable energéticamente y podría generar de manera activa la salida de IF2. Con el fin 

de dilucidar cuál de los postulados mencionados describe de manera más certera las 

reacciones dependientes de IF2, a continuación, diseñamos, producimos y probamos un 

nuevo sensor fluorescente capaz de capturar el fosfato inorgánico, y que específicamente 

se une al lugar natural de salida del IF2 en el ribosoma. Esta quimera proteica, podría 

evidenciar si la disociación del IF2 es catalizada por la disociación del Pi después de la 

hidrólisis del GTP o por dicha reacción per se. También, el sistema provee una plataforma 

para el estudio y descubrimiento de nuevos compuestos antimicrobianos. 

Palabras clave: Síntesis de proteínas, Hidrólisis de GTP, Antibióticos, Sensores 

Moleculares, Proteínas de unión al fosfato.  
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Introduction 

Protein synthesis in living organisms is an essential process that ensures the viability of 

all cells (Laursen et al, 2005), considering that proteins are molecules that perform a vast 

number of cellular functions (Gutteridge and Thornton, 2005). The ribosome, a large 

macromolecular machine, is constantly producing peptides and, in bacteria, is composed 

of two subunits, the minor 30S and the large 50S. Both, once bound, compose the 70S 

ribosome (Laursen et al, 2005). mRNA translation or protein synthesis, consists mainly 

in translating the genetic code brought by the messenger RNA (mRNA) into a polypeptide 

chain, together with the transfer RNA (tRNA) that cooperate with genetic decoding 

(Wilson, 2009). The translation process is composed of four stages: initiation, elongation, 

termination and ribosome recycling (Laursen et al, 2005). Initiation, a highly regulated 

period, is of great interest as it is the principal target of translation regulation and it is 

responsible for defining accuracy, quantity and speed of decoding the genetic information 

(Gutteridge and Thornton, 2005; Wilson D, 2004).  

 

During initiation, the 30S pre-initiation complex (30S PIC) rapidly forms by the binding 

of the first tRNA (fMet-tRNAfMet) to the mRNA on the 30S subunit. This reaction is 

catalyzed by the three initiation factors – IF1, IF2 and IF3 -. The binding of mRNA to the 

ribosome is guided by its Shine-Dalgarno sequence that is complementary to a region of 

16S rRNA (Shine and Dalgarno, 1974). The fMet-tRNAfMet is incorporated to the system 

and once it recognizes the start codon (AUG, GUG or UUG in bacteria), the 30S PIC 

rearranges into the 30S initiation complex (30S IC) (Milon et al, 2010). After this, the 
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30SIC is ready to accept the 50S subunit to form the 70S initiation complex (70S IC), 

dissociate the initiation factors and to enter the elongation phases of translation.  

 

During this entire initiation process, one the most important factor involved is IF2. Its 

early activity consists on choosing the corresponding initiator from the tRNA variety 

present in the cell. This IF2 function occurs along the 30S PIC and 30S IC formation 

(Satpati and Simonson, 2012). In later stages, IF2 accelerates the joining of the 5OS 

subunit to the 30S IC, positioning the tRNA on the 70S IC (Jiangning et al, 2015), and 

allowing the beginning of the elongation phase by its dissociation (Milon et al, 2012). 

Through all these late reactions, IF2 hydrolyses a GTP molecule, leading many authors 

to propose that the active hydrolysis of GTP stimulates those events. However, studies of 

punctual and directed mutagenesis on IF2 show that inhibiting GTP hydrolytic activity, 

does not stop overall translation initiation, which argues against an active role in the 

hydrolysis of GTP (Fabbretti et al, 2012). In favor of a passive role of GTPase activity, 

inhibitory mutations of the reaction with a lethal phenotype for E.coli can be rescued by 

other mutations on the region of IF2 union with the initiation tRNA (Caserta et al, 2006).  

 

Those observations suggested that the main resultant of hydrolysis of GTP is a change of 

the factor affinity to the ribosome, allowing its dissociation (Caserta et al, 2006). Also, 

recent rapid kinetic techniques, where diverse IF2 dependent reactions were monitored 

through fluorescent markers, indicated that the dissociation of inorganic phosphate (Pi) is 

a late event prior to the release of IF2 and even of IF1 (Goyal et al, 2015). These findings 

indicate that it is the dissociation of Pi what allows IF2 to change affinity for the 70S 
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ribosome, not the free energy contribution of GTP hydrolysis per se. A similar 

discrepancy exists also for the elongation factor G (EF-G) (Wilden et al, 2006). 

 

To elucidate which of the above postulates describe more accurately IF2 dependent 

reactions, here we design, produce and test two novel recombinant and fluorescent 

phosphate binding sensors that specifically bind nearby the exit point of Pi during protein 

translation. These protein chimeras shall evidence whether IF2 dissociation is catalyzed 

by Pi release after GTP hydrolysis or by the chemical reaction per se. Furthermore, the 

system provides a novel platform to study and systematically screen for new antimicrobial 

compounds.  
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Figure 1: Molecular structures of the 70S ribosome and rTIPS designed for this 

work. (a) Three-dimensional ribosome structure showing the L10/L12 fragment – in red 

color - on the 50S subunit (Waudby et al, 2013) and (b) Phosphate Binding Protein (PBP) 

A197C structure (Protein data Bank – 1A54). (c) Recombinant PBP graphic structure 

with two different linkers between L12 and the main PBP protein with a His-Tag. 
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Materials and Methods  

The genes that encode for rTIPSF and rTIPSFR were designed and sent for their chemical 

synthesis and cloning (Genscript, USA. Both were introduced into the plasmid pET – 24a 

(Stratagene, USA) which contains a gene for kanamycin resistance. A simple PCR was 

performed to verify the presence of the genes on the plasmid using the “PCR Master Mix 

(2X)” kit (ThermoScientific, Germany) and primers specific for the T7 promoter and 

terminator sequences laying prior and after the gene, respectively. Briefly, 20 ng of the 

synthetic plasmid were amplified in 20 µL PCR reaction in 20 cycles in a Techno 

thermocycler (China) (Press CSHL, 2001). 

 

Cell transformation 

E.coli BL21 strain (Promega, USA) was used in this study. “Mix & Go E.Coli 

Transformation and Buffer Set” kit (Zymo Research, USA) was used to obtain competent 

E.coli cells. 1 µL of plasmid solution was incubated as described by the producer with 

100 µL of competent cell at 4˚C for 10 min and subsequently 800 µL of SOB medium 

was added. Cell cultures were incubated at 37 ˚C for 1h and then plated in agarose plates 

with SOB medium and kanamycin (30µg/ml) and incubated at 37°C overnight. 

Transformed cells appeared as isolated colonies, typically more than 40/plate. Single 

colonies were re-plated in SOB Kan plates to confirm kanamycin resistance. Liquid 

cultures supplemented with kanamycin (30µg/ml) were used to grow single colonies 

corresponding for each construct and plasmid extraction was performed using Zippy 
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plasmid miniprep kit (Zymo, USA). Analytical PCR was performed as described above 

to ensure correctness of the contructs (Press CSHL, 2001). 

 

Expression of rTIPS 

Isolated colonies from a regrown culture of transformed cells were cultured overnight on 

liquid LB medium (50ml) with kanamycin (30ug/ml) at 37°C and 150 rpm. A sample 

from the overnight was taken and cultured again on LB medium (37°C and 150 rpm) until 

it reached an optical density of 0.4-0.6. Once optical density of the culture was between 

the mentioned range, 1 mM of IPTG (isopropil-β-D-1- tiogalactopiranóside) was added. 

During three hours, at one hour intervals, samples were taken to evaluate the progression 

of proteins expression with a 15% SDS-PAGE gel. Scaling up of protein expression was 

performed by increasing culture volumes to 1 L for each protein chimera. Cells were 

harvested by centrifugation at 5000 x g for 10 minutes at 4˚C. Cell growth conditions and 

induction were identical as above described for analytical purposes. Typically, 2 g/L of 

cell culture were obtained (Press CSHL, 2001). 

 

Protein purification 

Harvested cells from were lysed using the Bug Buster protein extraction reagent (Merck, 

Germany) using 5 mL/g of E. coli cells. The resulting cytosolic lysates were subjected to 

centrifugation at 16000 x g for 45 minutes in order to pellet cell walls and membranes. 

The clarified lysate was purified using the “His-tag Protein Miniprep” kit (Zymo, USA) 

taking advantage of the His-Tag added to the proteins. Proteins were dialyzed overnight 
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in Labeling Buffer (50 mM Hepes (pH 8), 5% Glicerol and 200 mM NaCl) and stored at 

80°C (Press CSHL, 2001). 

Protein labelling  

Atto-488 fluorophore 

Purified proteins were quantified using the “Quant-it protein Assay” (Invitrogen, USA) 

on a NanoDrop (Thermo, Germany). Labeling of proteins using Atto-488 fluorophore 

(Atto-tec, Germany) was performed incubating 100 µM PBP derivatives with a twofold 

excess of the dye in labelling buffer. The reaction was incubated for one hour at room 

temperature, protected from light, and furthered purified from unreacted dye. The excess 

of fluorophore was removed with a 30K-Amicon Ultra centrifugal filters (Merck, 

Germany) at 14 000 x for 10 minutes and 4°C. The resulting concentrated mixture was 

further diluted with labeling buffer and subjected to filtration as before. This procedure 

was applied three times in order to fully remove free dye. 

MDCC fluorophore 

In order to maximize MDCC reactivity with the PBP derivatives  a series of tests were 

performed varying the relation between protein and fluorophore and reaction time. Best 

results were obtained using a 1:10 protein:dye relation and 4 hours of reaction at RT. 

Here, we labelled 30 000 pmoles of rTIPSF  (100 µM) and 20 000 pmoles of rTIPSFR (70 

µM). Prior to add the fluorescent dye, 0.2 mM of TCEP was used to reduce free-radicals 

of the reaction which may compromise its efficiency. The labeling reactions were 

incubated with TCEP for 20 minutes prior to the stepwise addition of 300 000 and 200 

000 pmoles of MDCC fluorophore, respectively to rTIPSF  and rTIPSFR . The reaction was 

allow to proceed for four hours at room temperature and in a stirring device (500 rpm), 
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protecting the tubes from light. Finally, 6mM of 2-Mercapto was added to stop the 

reaction (Brune et al, 1994). 

Purification and removal of the excess of fluorophore 

The “His-spin protein Miniprep” (Zymo Research, USA) kit was used to purify the 

labelled proteins from the excess of fluorophores. The protocol was used as proposed 

with some changes. All the volumes were duplicated, the resin was left interacting with 

the proteins for thirty minutes under 4°C and the washes were performed five times with 

His-Binding buffer. Proteins were eluted with elution buffer containing 300 mM 

imidazole. Further removal of fluorophores was achieved by dialyzing the labelled 

proteins with D-Tube Dialyzers Midi (6-8kDa) (Merck, Germany) on Storage buffer (50 

mM Hepes, 70mM NH4Cl, 30mM KCl and 10 mM MgCl2) for 14 hours at 4°C. This 

procedure was performed on plastic beakers to avoid at most Pi contamination (Press 

CSHL, 2001). 

 

HPLC analysis of binding of proteins to the 70S ribosome and 

subunits 

Ribosome 70S, subunits 30S – 50S (each one 2 µM) and proteins (4 µM) were incubated 

on a TAKM7 buffer (50 Mm Hpes, 70 mM NH4Cl, 30 mM KCl and 10 mM MgCl2 (pH 

7.5)) for one hour (37°C and 500 rpm. Then, 70 µL from the buffer described was added 

and the mixtures were centrifuged (10 min and 14.1 x g). The chromatography separation 

of the samples on HPLC were performed on the KW405-4F column with the same buffer 

already described, under a flow of 0.35ml/min, absorbance of 260 nm and a fluorescence 

excitation of 490 nm and 510 nm. 
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“Pi mop” for removing Pi contamination 

The Pi mop solution was prepared using 1 u/ml of Purine Nucleoside Phosphorilase 

(PNP), 1 mM of 7-Methyl Guanosine and a buffer 20 mM Hepes with 1 mM MgCl2 at 

pH 8.0. To show reduction of Pi from the proteins medium, two reactions were prepared. 

The first had all the components in concentrations mentioned above and 40 µM of rTIPSf. 

The second was the control identical without the PNP enzyme. Binding of Pi to the 

MDCC modified rTIPS increases fluorescence of the fluorophore, thus hijacking of Pi by 

the  PNP should decrease the observed fluorescence with time, as  measured using a 

NanoDrop (ThermoScientific, Germany) each ten minutes for two hours (Brune et al, 

1994).  

 

Rapid Kinetics 

Two assays were performed to analyze in real time the rTIPS fluorescence signaling, in 

response to the phosphate, during the 70S initiation complex formation. One of them 

using rTIPS bound to the 50S subunit and the other using unbound rTIPS, injected to the 

reaction together with the 30S subunit. “Pi Mop” solution was incubated through the 

whole system for 10 minutes at 20°C. When 30 IC formation is intended, rTIPS 0.5 uM, 

PNP 0.5U, 30S 0.5 µM, IF1 1µM, IF3 0.75 µM, mRNA 1 µM, fMet 1 µM, IF2 0.5 µM 

and GTP 10 µM, were mixed together. Light at 470 nm wavelength was used to excite 

the fluorophore and fluorescence was measured after passing a 515 nm optical filter 

(Goyal et al, 2015) 
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SDS-PAGE gel (15%) electrophoresis  

For one gel at 15% of acrylamide was used: A running solution containing 1.27 ml of 

Ultra-pure water, 1.88 ml of 40% acrylamide, 1.86 ml of Tris 1 M (pH 8), 50 ul of 10% 

Sodium Dodecyl Sulfate (SDS), 50 ul of 10% Amonium Persulfate (APS) and 5 ul of 

Tetramethylethylenediamine (TEMED) obtaining a final volume of 5 ml. A stacking 

solution containing 1.52 ml of Ultra-pure water, 0.62 ml of 40% acrylamide, 1.86 ml of 

Tris 1 M (pH 6.8), 50 ul of 10% SDS, 50 ul 10% APS and 5 ul of TEMED,  obtaining a 

final volume of 5 ml. Electrophoresis was performed at 100 V for five minutes and 200 

V for 55 minutes. Gel was stained with Comassie Blue overnight and distained with 

“Distaining Solution” overnight. Picture of the gel was taken under white light using a 

photo documentator and a transilluminator (Laemmli, 1970) 
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Results 

Rapid production of in silico designed proteins 

Two chimeras are designed, developed and tested on this study, both possess a L12 

protein fragment to anchor the protein to the ribosome, nearby binding site (L7/L12 stalk), 

a His-tag for rapid purification and a two different linkers spacing between the L12 

domain and the Phosphate binding domain. Thus, we termed the novel proteins Ribosome 

Tethered Inorganic Phosphate Sensors (FR for a flexible followed by a rigid linker and F 

for a flexible segment alone), rTIPSFR and rTIPSF, respectively (Figure 1). 

The plasmids that code for rTIPSF and rTIPSFR were amplified by a Polymerase Chain 

Reaction (PCR) and analyzed by agarose gel electrophoresis to confirm their correct 

clonning. Once the genes were confirmed to be correctly cloned and transformed in E. 

coli BL21 expressing strain, the recombinant expression of the both proteins rTIPSF and 

rTIPSFR was assessed by analytical expression and SDS-PAGE analysis (Figure 2).  

Obtaining high quantities of rTIPS F and FR involves making E. coli produce them 

massively. IPTG, an analogous of the lactose is capable of inducing the process of 

proteins production once E.coli contains the plasmid encoding for them. Different 

induction times were tested, from 1 to 3 hours after inducing E. coli cells with IPTG 

(Figure 2). Both rTIPS F and FR show increased protein production through time (Lane 

8 – 10, Figure 2b) after IPTG was added (Lane 7, Figure 2b), which is also a sign of no 

toxicity for E.coli. High amounts of rTIPS F and FR are contained on E.coli strains along 

with all its others naturally existing proteins. 
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However, with subtle expression differences between the rTIPS variants were observed, 

with FR been expressed slightly poorer. Furthermore, both protein appeared to be highly 

soluble as they were found in the supernatant of cell lysates (Figure 3).  

 

Figure 2: rTIPS Recombinant expression in E.Coli. SDS – PAGE (12%) 

electrophoresis of analytic induction process for rTIPSF and rTIPSFR expression of 

transformed E. coli BL21 as a function of time. In the absence of induction - (a) rTIPSF 

(c) rTIPSFR - and with induction by adding 1mM of IPTG – (b) rTIPSF (d) rTIPSFR. Lane 

1 and 6 is a protein Ladder: Arrows indicate bands with the molecular weight of protein 

markers above and below the expected rTIPS. Lane 2 to 5: Cells from LB culture prior to 

IPTG induction and at optical densities reaching 0.4 to 0.6 OD, when IPTG is suitable to 

be added. Lane 7:: IPTG was added Lane 8-10: Progression of protein production at 1 

hour intervals. 

Studying molecular interactions in controlled systems requires pure components. rTIPS 

purification from native proteins of E. coli was performed by affinity chromatography, 
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taking advantage of the fact that both proteins contain a poly-his-tag was used (Figure 3). 

Cell lysates of both strains producing each rTIPS were tested and each purification step 

was analyzed by SDS-PAGE electrophoresis and blue commassie staining. Both rTIPS F 

and FR were independently loaded to the chromatographic system (Zymoresearch, USA). 

Although, some fraction of the desired protein did not bind to the chromatographic 

column or they were was washed out (Lane 4-6, Figure 3), high yields of pure proteins 

were obtained (Lane 7-, Figure 3). Particularly, no high or low molecular weight 

contaminants were observed, indicating an overall purity above 99%. Purified proteins 

were quantified obtaining 101 µM for rTIPSF and 76 µM for rTIPSFR. The overall yield 

of protein production was above 500 nMoles of each variant for each gram of 

overproducing E. coli cells. The system presented here provides a solid workflow to 

recombinantly produce artificial proteins in bacterial cells.  

 

Figure 3. - rTIPSF and rTIPSFR purification. SDS – PAGE electrophoresis of (a) 

rTIPSF and (b) rTIPSFR purification process using the “His-Spin Protein Miniprep” kit 

(Zymoresearch, USA). Lane 1: Ladder: Arrows indicate the molecular weight of proteins 

above and below where the expected rTIPS. Lane 2: Cell lysate, Lane 3: Recombinant 

rTIPSF (a) and rTIPSFR (b) proteins supernatant after cell lysis and membrane removal by 

centrifugation. Lane 4: First Flow through. Lane 5: Second flow through. Lane 6: Wash. 
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Lane 7: Purified protein. Lane 8: Lysed cells before induction with IPTG. Lane 9: Lysed 

cells three hours after the addition of IPTG. 

Site directed and random fluorescent labeling of rTIPS 

Captured Pi by the PBP requires to be evidenced to provide analytical information to the 

researcher. Here, we covalently link a fluorophore to a specific amino acid of the each 

chimera in order to evidence the binding of Pi to the purified protein sensors. Labeling of 

proteins was tested with two fluorophores, Atto – 488 NHS-Ester and MDCC (7-

Diethylamino-3-((((2-Maleimidyl)ethyl)amino)carbonyl) coumarin). The specificity of 

the binding between rTIPSF and rTIPSFR  and MDCC fluorophore is higher because of the 

interaction between the unique cysteine (thiol group) present on the proteins and the 

maleimide group on the fluorophore (Figure 5). Contrary to what happens with the Atto 

– 488 fluorophore on which the NHS-ester of the dye reacts with amino-groups that are 

not unique on proteins (Figure 4). 

After being performed the labelling procedures, a purification step was necessary to 

eliminate the excess of unbound fluorophore. The progression of the removal of unbound 

fluorophore was also performed taking advantage of the His-Tag contained on the protein 

sequence (Figure 5a-5b). The degree and yield of rTIPS labeling was assessed by 15% 

SDS-PAGE analysis. In order to rule out events of degradation during the labeling 

procedure, the gel was stained with blue commassie, allowing the visualization of total 

proteins, independently of their labelling efficiency (Figure 4a).  Indeed, no byproducts 

are observed, neither higher molecular aggregates. Labelling efficacy was visualized by 

analyzing the same acrylamide gel under UV light. The fluorophores tested here do 

absorb UV light and emit at around 490 nm. This allows us to estimate the labeling 

efficiency by comparing relative intensities between UV and white light analysis of the 
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same experiment. No contaminants with high or low molecular weight were observed 

neither on Atto-488 (Lane 4-5, Figure 4)  nor MDCC (Lane 7c and 8d, Figure 5) labelling 

procedures after purification, indicating an overall purity above 99%. Purified MDCC 

labelled proteins were quantified obtaining 60 µM for rTIPSF and 40 µM for rTIPSFR.  

 

Figure 4. – Random Fluorescent labeling with Atto – 488 fluorophore  of rTIPSF and 

rTIPSFR. (a) Blue commassie stained SDS – PAGE electrophoresis of rTIPSF and rTIPSFR  

proteins purified and labelled with Atto 488 fluorophore. Lane 1: Ladder: Arrows indicate 

the molecular weight of protein markers above and below the expected rTIPS. Lane 2: 

Unlabeled rTIPSF protein. Lane 3: Unlabeled  rTIPSFR. Lane 4: Atto-488-labelled rTIPSF 

protein. Lane 5: Atto-488-labelled rTIPSFR protein. (b) Same SDS-PAGE as in a observed 

under UV light before being stained with Commassie Blue. Lane 4: Atto-488-labelled 

rTIPSF protein. Lane 5: Atoo-488-labelled rTIPSFR.  
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Figure 5: Site Specific MDCC, Fluorescent labeling and dye removal for rTIPSF and 

rTIPSFR. SDS-PAGE electrophoresis was used to separate the labelled proteins and to 

assess the presence of unreacted fluorophore. “His-spin protein Miniprep” kit was used 

to eliminate unreacted dye. (a) rTIPSF under UV light. (b) rTIPSFR – gel under UV light. 

(c) rTIPSF  as in (a) stained with Comassie blue (d) rTIPSFR as in (b) stained with 

Comassie blue. Lane 1: Ladder, Lane 2: Before dye cleaning, whole sample of protein 

labelled with a ten-time excess of fluorophore. Lane 3: First flow through. Lane 4: Second 

flow through -not visible on (a) and (c) - Lane 5: First wash. Lane 6: Second wash. Lane 

7: Third wash. Lane 8: Elution of labelled proteins. 

Assessing the specificity of the interaction between rTIPS and 

ribosomal subunits. 

Once the proteins were labelled (with Atto – 488 fluorophore), their interaction with the 

70S ribosome and/or its subunits (30S and 50S) was necessary to be tested. Here, we use 



22	
	

analytical size exclusion chromatography on a HPLC system to probe the binding of each 

rTIPS to either the 30S or 50S subunit or the 70S ribosome. The platform allows to 

measure absorbance of ribonucleic complexes and concomitantly the fluorescence 

associated to them. Thus, if the ribosome binds a fluorescent protein, the resulting 

complex should elute together, as evidenced by a similar retention time on the HPLC 

chromatogram. 30S subunits elute with its higher absorbance peak at 22.08 minutes while 

free rTIPS elute at 29.68 min (Figure 6). When using Atto-488 dye, an extra peak of 

fluorescence appears at 33.01 min, probably showing a certain amount of free dye. In a 

SEC system, lower MW compounds are retained longer in the column. No co-elution of 

rTIPs with 30S subunits were observed, indicating that these two do not interact with each 

other (Figure 6a for rTIPSF and 6c for rTIPSFR). Pre-incubated 50S subunits with each 

rTIPS were subjected to the same analysis. 50S subunit elutes slightly before 30S 

subunits, having its higher peak at 21.08 minutes. Free rTIPS elute at 29.52 minutes, 

being very close to what was obtained on 30S analysis. Also, an extra peak of 

fluorescence appears at 33.18 min, which could represent free dye. In this case a 

concomitant elution of 50S and rTIPS is observed, showing the tight interaction between 

each other (Figure 6b for rTIPSF and 6d for rTIPSFR) 

Effectively, as hypothesized, rTIPSF and rTIPSFR showed their binding  to the 50S subunit 

(where L7/L12 stalk is located) and, therefore, the 70S ribosome. The parallel emergence 

of absorbance and fluorescence, on HPLC chromatography separation, when proteins 

were attached to the ribosome 70S and its 50S subunit, indicated an approach of the 

correct binding (Figure 6).  
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Figure 6: Size exclusion Chromatography separation of the 30S and 50S ribosomal 

subunits to probe the interaction with rTIPSF and rTIPSFR labeled with the Atto-

488 fluorophore. (a) rTIPSF Atto-488 labelled interaction with the 30S subunit. (b) 

rTIPSF Atto-488 labelled interaction with the 50S subunit. (c) rTIPSFR Atto-488 labelled 

interaction with the 30S subunit. (d) rTIPSFR Atto-488 labelled interaction with the 50S 

subunit. rTIPSF and rTIPSFR are meant to be bounded to the 50S subunit. This is evidenced 

by the parallel detection of the absorbance of the subunit (or ribosome) and the 

fluorescence of rTIPSFR labeled (figures b and d). Continuous orange curves indicate 

absorbance at 260 nm. Gray curves show fluorescence emission at 510 nm.  

Fluorescent response of rTIPS to Pi depletion 

Testing behavior of the labelled proteins through its emitted fluorescence in presence of 

Pi is needed to provide useful Pi sensors tethered to the ribosome.  rTIPSF and rTIPSFR 

were exposed to the “Pi mop” solution which contains the enzyme Purine Nucleoside 
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Phosphorilase (PNP) and its substrate 7-Methy guanosine. Those compounds hijack Pi 

from the solution as seen on Figure 7, which compares the emitted fluorescence  (RFU) 

of rTIPSF in the presence of complete “Pi mop” (+ enzyme), and emitted fluorescence 

(RFU) of rTIPSF without the enzyme present on the “Pi mop”. In the presence of the 

enzyme, within a range of two hours, the values of RFU decreased only if the PNP 

enzyme was present, which means that Pi was hijacked. The changes previously 

mentioned, confirm the variability of fluorescence emitted by the labelled protein as a 

function of Pi. Measuring the velocity of Pi depletion by rTIPs fluorescence response and 

as a function of 7-MethylGuanosine results in increasing speeds. Michaelis-Menten 

fitting of the kinetics show a Vmax of 0.052 ± 0.003 min–1 and a Km=0.23 ± 0.08 mM 

(Figure 7). 

 

 

 

Figure 7: rTIPS fluorescence response to Pi concentration. (a)Time courses of rTIPS 

fluorescence dependence as a function of the MOP solution with (Blue) and without 

(Orange) the enzyme Purine nucleosidase phosphorylase (PNP). The fluorescent rTIPS 

shows higher fluorescence if bound to Pi, present in the medium. PNP can remove Pi 
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from the medium in the presence of its substrate 7-methyl guanosine. Thus, in the 

presence of PNP, rTIPS should decrease their fluorescence emission. Continuous lines 

show best fits with an exponential function for florescence decay in the presence of the 

PNP enzyme. In the case of PNP absence, continuous line represents a linear fitting of 

slight fluorescence decrease. Discontinuous lines show 95% confidential intervals of the 

experimental point with respect to the best fit. (b) Michaelis-Menten’s kinetic plot of the 

velocity of the presented enzymatic reaction as a function of 7-MethylGuanosine.  

 

Stopped-flow analysis of real-time Pi dissociation  

 

During translation initiation, the 50S subunit rapidly binds the 30S IC in a complex 

multistep reaction. For instance, all initiation factors must dissociate briefly after 50S 

arrival (Milon et. Al 2008, Goyal et. Al 2015). Among them IF2 hydrolyses GTP to GDP 

and Pi in a 50S dependent manner, a reaction that takes less than a few milliseconds 

(Tomsic et. Al 2002). Here, we used the Stopped flow technique to probe whether the 

rTIPs was capable of monitoring the dissociation of Pi in real time upon the arrival of the 

50S to 30S ICs. Furthermore, we wondered if pre binding the rTIP to the 50S would result 

in measuring faster reactions of Pi dissociation.  

Monitoring of Pi dissociation during 50S arrival in a Stopped Flow apparatus resulted in 

increasing of fluorescence with time (Figure 8). This was expected as depleting Pi 

resulted in lower fluorescence readouts (Figure 7). The time course was characterized by 

a biphasic behavior, indicating two reactions occurring after mixing. When preincubating 

rTIPS with the 50S and allowing the sensor to interact with L10/L12 stalk resulted in 
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fluorescent signals appearing 10-15 times faster than when the rTIPs sensor was not 

allowed to pre-incubate, i.e. together with the 30S IC where it does not bind (Figure 6). 

 

 

 

Figure 8: rTIPS as a sensor of Pi during 70S initiation complex formation. (a) 

Graphic structure of the stopped flow device and its operating flow. (b) rTIPS differential 

activity when bound directly to the 50S subunit (Cyan) and when mixed only with 30 IC 

(red) waiting to be attached to the 50S subunit. The fluorescent signal is detected faster if 

rTIPS is pre-bound to the 50S ready to capture the releasing inorganic phosphate.  
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Discussion 

Novel sensing of Pi release, towards a sensitive and rapid 

screening of translational inhibitors  

The present study provides two novel recombinant fluorescent PBP’s capable of binding 

to the ribosome, rTIPSF and rTIPSFR. The first possesses a flexible linker while the second 

has a half-flexible and half-rigid lnker. Several observations of this study allow to 

postulate promising outcomes. For instance, the proteins are well produced on E.coli 

strains, without showing any sign of toxicity or aggregation, being highly soluble. This is 

of particular importance for a fluorescent molecular sensor as it shall stay chemically 

stable along several ranges of time and reaction conditions. This suitable property also 

allowed to successfully purify the proteins followed by labeling them with two different 

fluorophores. Atto-488 was used to monitor the binding of the proteins to ribosomal 

subunits while MDCC was used to sense Pi variations in experimental conditions. Indeed, 

this last one was used in bulk, steady and pre-steady state kinetics using a similar PBP 

(Brune et al, 1994; Milon et al, 2007; Goyal et al, 2015; Maracci and Rodnina, 2016).  

Specially, the MDCC- PBP Cys 197 variant was of importance to dissect complicated 

multistep reactions during translation. However, the fluorescent reporter used in the 

above mentioned studies did not interact with the ribosome and can derive in high 

fluorescence backgrounds, potentially masking specific reactions (Brune et al, 1994). In 

pre-steady state kinetics, the binding of the freely released Pi takes an uncontrolled time 

to reach the PBP sensor, also contributing to analytical discrepancies between several 

research groups (Rodnina and Wintermeyer, 2011; Wintermeyer et al, 2001). 
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Our approach fixes the time that Pi takes to reach the PBP sensor by coupling the latter 

to the ribosome. Thus, the local concentration of our rTIPS on the ribosome is increased 

by several order of magnitude with respect of previous variants. This should result in a 

more reproducible and immediate sensing of Pi as being specifically anchored to the 50S 

subunit. Indeed, preloading the major subunit with our sensor shows capturing velocities 

10 to 15 times faster than previously reported in similar setups (Goyal et. Al. 2015). Also, 

our internal comparisons to a reaction where the sensor is not pre-bound to the 50S show 

slower rates but similar to previously reported values. Thus, the novel sensor reported and 

characterized here possess great potential to elucidate the existing doubts on the active 

role of GTP hydrolysis of IF2 during its late activities on the initiation phase on protein 

translation (Fabbretti et al, 2012). For instance, parallel monitoring of the kinetics of 50S 

arrival to the 30S IC and Pi release with our sensor would certainly provide novel 

associative parameters between both reactions and perhaps shed the light on the current 

discrepancy of the functional role of the free energy resulting from GTP hydrolysis.  

The recombinant PBP hold a His-Tag to facilitate purification procedures, after 

overproduction and fluorescent labelling. A modification that should not be harmful to 

the protein structure (Carson et al, 2007). Altogether, the procedures set here are 

compatible with large scale production of Pi sensors for biotechnological applications. Of 

interest are the utilization of rTIPs as sensor for overall translation fitness, allowing to 

detect inhibiting molecules by a drastic drop on fluorescent readouts. The binding of Pi 

to our chimeric sensors results in a strong upshift of fluorescence (Figure 8) in a canonical 

and unperturbed translation initiation reactions. One could postulate that an inhibitor of 

the same reaction or any other happening before would result in a lower or slower 

fluorescence signal change.  
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