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Abstract 

 

Many experimental protocols must be executed in vitro due to a lack of cell-permeable analysis 

probes. For instance, the cellular signaling moderator RAS proteins alternate between the active 

GTP-binding and the inactive GDP-binding states. Though many GTP analogs can serve as 

probes for RAS activity analysis, their cell impermeability renders in vivo analysis impossible. 

On the other hand, the lipid/calcium/phosphate (LCP) nanoparticle has enabled efficient 

intracellular delivery of a nucleotide analog as a chemotherapy agent. Thus, using RAS analysis 

and LCP nanoparticle as the prototype, we tackled the cell-impermeability issue via 

nanoparticle-mediated intracellular delivery of the analysis probe. Briefly, BODIPY-FT-GTP-γ-

S, a GTP analog that becomes fluorescent only upon protein binding, was chosen as the analysis 

probe, so that GTP binding can be quantified by fluorescent activity. BODIPY-FT-GTP-γ-S-

loaded LCP-nanoparticle was synthesized for efficient intracellular BODIPY-FT-GTP-γ-S 

delivery. Binding of the delivered BODIPY-FT-GTP-γ-S to the RAS proteins were consistent 

with previously reported observations; the RAS GTP binding activity was reduced in serum-

starved cells; and a transient activation peak of the binding activity was observed upon 

subsequent serum reactivation of the cells. In a word, nanoparticle-mediated probe delivery 

enabled an in vivo RAS analysis method. The approach should be applicable to a wide variety of 

analysis protocols.  

 

Key words: Analysis probe, membrane permeability, in vivo, in vitro, RAS protein, BODIPY-

FT-GTP-γ-S, LPC nanoparticle 
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1. Introduction 

 

Many biochemical and molecular and cellular biology protocols rely on usage of analysis probes 

with quantifiable readout, such as colorization, fluorescence and specific antibody binding. Often, 

the probe is an analog of a key component of the targeted biochemical process, such as a 

reactant/product or an allosteric regulator of the enzyme, enabling direct assessment of how 

active the process is proceeding. For instance, the protein kinase assay uses ATP molecules with 

tagged γ-phosphate group to monitor the transfer of the group onto substrate proteins, i.e., the 

kinase-catalyzed phosphorylation reaction. As another example, the Global Run-on Sequencing 

(GRO-seq) analysis uses the bromo-tagged UTP (BrUTP) and its antibody to quantify genome-

wide nascent RNA production (1). 

 

Unfortunately, many such protocols have to be performed in vitro due to poor cell permeability 

of the analysis probes. For instance, both the ATP analogs with tagged γ-phosphate group and 

BrUTP discussed above are not sufficiently cell permeable, preventing in vivo kinase substrate 

tagging and efficient BrUTP incorporation into nascent RNA, respectively. One obvious 

drawback is the uncertainty about whether the in vitro results faithfully reflect the underlying 

process in living cells. Thus, in vivo protocols have always been vehemently pursued. For 

instance, the development of cell permeable and calcium sensitive fluorescent dye for in vivo 

calcium concentration measurement (2,3); the development of fluorescent proteins, such as green 

fluorescent protein (GFP), for protein expression and tracking in live cells (4,5); the use of 

fluorescence resonance energy transfer (FRET) in in vivo detection of protein-protein interaction 

(6,7); and the use of cell permeable 4-Thiouridine (4sU) in place of BrUTP in metabolic labeling 

of RNA molecules to quantify their production and stability (8-10). However, many important 

protocols remain exclusively in vitro, waiting for solutions to the membrane impermeability 

issue to enable the in vivo versions. 

 

The study of the RAS small GTPases, for example, currently lacks in vivo methods (11). The 

RAS genes (K-RAS, H-RAS and N-RAS) were discovered and named for their central roles in 

sarcoma-virus-induced rat sarcoma formation. They are well established as the most frequently 

mutated oncogenes in human cancers, and RAS-driven cancers are among the most difficult to 
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treat (11-13). The underpinning of this clinical significance is RAS acting as a crucial hub of the 

cellular signaling network. RAS proteins receive signals from many upstream receptor tyrosine 

kinases and other signaling pathways. Their downstream effectors include PI3-kinase, RAF, 

RalGDS and many other key signaling molecules. By alternating between active GTP-binding 

and inactive GDP-binding states (14,15) (Fig. 1A), they coordinate upstream signals and 

downstream regulatory effectors to maintain optimized cellular harmony with the extracellular 

environment. Many GTP analogs are suitable to act as as probes for analyses of RAS and other 

G-proteins, but their cell impermeability make it impossible to do the analysis in vivo in live 

cells (16-21). Currently, RAS activity measurement methods are mostly in vitro (22). One 

popular approach is the GST-RBD pull-down assay – quantification of the amount of the RAS 

protein in the cell lysate that binds to a recombinant Glutathione S-transferases (GST) tagged 

RAS-binding domain (RBD) of a RAS effector protein, usually the RAFs.  

 

Nanoparticle drug delivery systems have, on the other hand, achieved great successes in 

overcoming this cell impermeability issue (23,24). It is temping to ask whether the nanoparticles 

are capable of delivering the in vitro analysis probes and, thus, enable in vivo versions of the 

analyses. Luckily, in case of RAS analysis, the lipid/calcium/phosphate (LCP) nanoparticle, one 

of the widely used drug delivery vehicles (25), provides an ideal opportunity to answer this 

question. It consists of a calcium phosphate (CaP) core, which carries the to-be-delivered 

chemicals, and a cell-specific lipid bilayer, which encapsulates the CaP core and enables cellular 

uptake of the nanoparticle through endocytosis.  It has been used for efficient intracellular 

delivery of the chemotherapy drug Gemcitabine Triphosphate (26,27), a nucleotide analog (28). 

Since Gemcitabine Triphosphate is structurally similar to the GTP analogs used as probes in in 

vitro RAS analyses, it is plausible that the LCP nanoparticle is capable of efficient intracellular 

delivery of the GTP analogs. Thus, the LCP nanoparticle and the GTP analogs, together with the 

RAS analyses, form a testing ground for the principle that nanoparticle-mediated probe delivery 

can enable in vivo versions of previously in vitro analysis methods. 

 

The analysis of RAS and other G-proteins often use GTPγS, a much less hydrolysable GTP 

analog due to the replacement of an O by an S in the γ-phosphate group, as the probe. As 

mentioned earlier, once bound to GTP, the RAS proteins are in the active state (Fig. 1A). When 
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the GTP is hydrolyzed to GDP, they revert to the inactive state. Thus, GTPγS stabilizes RAS in 

active state, as shown in Figure 1B. To facilitate various biochemical analysis, GTPγS is often 

conjugated to a tag with quantifiable reporter activities such as fluorescence (18,20). One such 

GTPγS derivative is BODIPY-FL-GTP-γ-S, whose fluorescent activity is ~90% quenched in 

solution but activated upon binding to a protein (19,21). This conditional fluorescent activity 

makes it a perfect probe for quantification of RAS GTP binding and, thus, signaling activity. 

However, as with many other nucleotide analogs, BODIPY-FL-GTP-γ-S cannot penetrate the 

cell membrane and get inside the cell independently. 

 

Thus, in this study, BODIPY-FL-GTPγS-loaded LCP nanoparticles were synthesized for 

delivery into the human HCT116 cells. The delivery was efficient enough for the delivered 

BODIPY-FL-GTP-γ-S to compete with endogenous GTP for binding to the RAS proteins. The 

RAS binding activity was consistent with expectation based on previous observations. Thus, an 

alternative RAS analysis method based on in vivo RAS-GTP binding is established. Such 

repurposing of nanoparticle for intracellular delivery of analysis probes should be applicable to 

many more research protocols.   

 

2. Materials and methods 

 

2.1. Materials 

 

Alex-Fluor-647-ATP, BODIPY-FL-GTPγS and the pan RAS monoclonal antibody (Ras10) were 

purchase from Thermo Scientific (New York, US). Dioleoyl phosphatydic acid (DOPA), 1,2-

dimyristoyl-3-trimethylammonium-propane chloride salt (DOTAP), and 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] ammonium salt (DSPE-

PEG2000) were obtained from Avanti Polar Lipids, Inc. (Alabama, US). DSPE-PEG-anisamide 

(AEAA) was synthesized in Dr. Leaf Huang’s lab as described previously (29). Other chemicals 

were purchased from Sigma-Aldrich, Inc. (Missouri, US). 

 

2.2. Cell culture 
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HCT116 human colon cancer cells, originally obtained from Dr. Brattain’s lab (30-33), were 

cultured in the McCoy’s 5A medium (Invitrogen, USA) supplemented with 10% fetal bovine 

serum, 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen, USA). Cells were 

cultivated at 37 °C and 5 % CO2 in an incubator. 

 

2.3. Preparation of LCP nanoparticles 

 

The nanoparticle was synthesized as previously described (26,27,29). Briefly, 20 μL of 5 mM 

specified nucleotide analog solution (BODIPY-FL-GTPγS or Alexa-Fluor-647-ATP) in 12.5 mM 

Na2HPO4 solution and 100 μL of 2.5 M CaCl2 solution were dispersed in cyclohexane/Igepal 

solution (70/30, v/v), respectively, to form an oil phase. After 15 min of stirring, 100 μL of 25 

mM DOPA was added into the oil phase for 15 min, then 40 mL of 100 % ethanol was added 

into the oil phase. Later, the mixture solution was centrifuged at 10,000 g for 20 min to pellet the 

LCP particle core out of the supernatant solution. After washing with 50 mL ethanol twice, 100 

μL of 10 mg/mL cholesterol, 100 μL of 25 mg/mL DOTAP, 100 μL of 25 mg/ml DSPE-PEG, 

and 10 μL of 25 mg/mL DSPE-PEG-AEAA were added into the LCP core solution.  After 

evaporating under N2, the residual lipids were suspended in PBS to produce the layer of LCP 

nanoparticle. After being sonicated for 10 min, the LCP solution was dialyzed in PBS. 

 

2.4. Characterization of LCP nanoparticles 

 

The sizes of LCP nanoparticles were determined with the Malvern dynamic light scattering (DLS) 

equipment (Royston, UK). The concentration of BODIPY-FL-GTPγS was determined by an 

HPLC spectrophotometer (Shimadzu Corp., Japan). Transmission electron microscope (TEM) 

photos of BODIPY-FL-GTPγS-loaded LCP nanoparticles were observed under JEOL 100CX II 

TEM (Tokyo, Japan).  

 

2.5. Intracellular uptake analysis by flow cytometry and confocal fluorescent microscopy. 

 

Intracellular uptake of nanoparticles was monitored with synthesized Alex-Fluor-647-ATP-

loaded LCP nanoparticle, using the Alex-Fluor-647 fluorescence as the probe. For flow 
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cytometry analysis, log-phase HCT116 cells were treated with either the nanoparticle or PBS as 

a negative control. At specified time points, the cells were trypsinized and suspended into fresh 

medium, followed by three centrifugation-wash-suspension cycles. The suspended cells were 

then analyzed with an Attune NxT flow cytometer (Thermo, US) to quantify their intracellular 

fluorescence intensity. For microscope analysis, HCT116 cells were plated into glass-bottom 

confocal dishes (MatTek, US) and incubated for 24 h. Then, the cells were treated with the 

nanoparticle for 2.5 h with a concentration of 1 μg/mL. And the cell nucleuses were labeled with 

Hoechst 33342 dye for 15 min. Finally, the images were taken by a Zeiss 880 confocal 

microscope (Germany). 

 

2.6. RAS immuno-precipitation and fluorescence spectroscopy analyses 

 

The cells were washed by cold PBS twice and then lysed with non-SDS lysis buffer that contains 

protease and phosphatase inhibitors for 30 minutes at 4 °C. Total protein concentrations of the 

cell lysates were determined with a BCA protein assay kit (Thermo Fisher Scientific, USA). The 

cell lysates were pre-cleaned by an off-target control antibody and aliquoted. One aliquot of the 

cleaned cell lysates were incubated with 10 μL anti-RAS monoclonal antibody under rotary 

agitation at 4 °C for 12 h. 100 μL SureBeads protein G magnetic beads (Bio-Rad, USA) were 

added. The cell lysate, antibody and bead mixture was incubated with rotary agitation at 4 °C for 

4 h. The beads were precipitated and washed twice with wash buffer.  

 

The beads were then transferred into a 96-well plate. The plate was analyzed with an Infinite 

M1000 Quadruple Monochromator Microplate Reader (Tecan) to quantify the fluorescent 

activity co-precipitated with the RAS proteins. 

 

2.7. Western blot analysis 

 

Another aliquot of the pre-cleaned cell lysate described above for immune-precipitation was used 

for Western blot analysis. The lysates were separated by SDS–PAGE, and then transferred onto a 

nitrocellulose membrane. After blocking the NC membrane with 5 % non-fat milk for 1 h at 

room temperature, it was incubated with the santi-RAS antibody at 1:1000 dilution at 4 °C 
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overnight. Membranes were washed five times with TBST solution, incubated with the 

corresponding secondary antibody (1:3000 dilution) for 1.5 h at normal room temperature, and 

washed five times with TBST solution. The RAS protein bands were visualized using an 

enhanced chemiluminescence (ECL) system according to the manufacturer’s instructions 

(Thermo Fisher Scientific, USA). 

 

3. Results 

 

3.1. Synthesis and Characterization of LCP nanoparticles 

 

As mentioned earlier, the LCP nanoparticle has been used for efficient intracellular delivery of 

the nucleotide analog Gemcitabine Triphosphate as a chemotherapy agent. Herein, we tested it 

for intracellular BODIPY-FL-GTPγS delivery to overcome the cell impermeability issue. Figure 

2 shows a schematic illustration of the preparation procedure of BODIPY-FL-GTPγS LCP 

nanoparticles. BODIPY-FL-GTPγS is first loaded into the CaP core of the LCP nanoparticles, 

which is then coated with a DOPA layer. DOPA functions to prevent the aggregation of the CaP 

core because of the strong interaction between the CaP core and the phosphate head of DOPA. 

The cationic 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) lipid is then added as an 

outer layer onto the DOPA layer (27). Additionally, an outside layer of neutral 

dioleoylphosphatidylcholine (DOPC) with DSPE-PEG with a tethered targeting ligand anisamide 

(AA) is added. These layers keep the nanoparticles stable in the hydrophilic tissue culture 

medium and also enhance cellular uptake of the nanoparticles. Upon nanoparticle cellular 

internalization, the CaP core is rapidly dissolved in the endosome due to its low pH, leading to 

increased endosome osmotic pressure. Consequently, the endosome swells and ruptures, 

releasing the loaded BODIPY-FL-GTPγS into the cytoplasm. This quick process also minimizes 

lysosomal degradation after endocytosis.  

 

Figure 3 summarized the results of our characterization of synthesized nanoparticles. The 

BODIPY-FL-GTPγS-loaded LCP nanoparticle sizes are exhibited in Figure 3A in a histogram. 

The sizes are also summarized in Figure 3C. On average, BODIPY-FL-GTPγS-loaded LCP 

nanoparticles were 124.6±7.1 nm. A transmission electron microscope (TEM) image is also 
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shown in Figure 3B, illustrating the monodispersed nanoparticles with spherical shapes. The 

final concentration of BODIPY-FL-GTPγS in 5 mL of produced nanoparticles was 10 μM. Thus, 

about 50% of the starting BODIPY-FL-GTPγS (20 μL of 5 mM solution) was loaded into the 

nanoparticles. 

 

3.2 Cell uptake of LCP NPs 

 

We next monitored intracellular uptake of the LCP nanoparticle. For this purpose, we used the 

fluorescent ATP analog Alexa-Fluor-647-ATP, so that the uptake can be conveniently tracked by 

fluorescent activity. This ATP analog was loaded, as described in Materials and Methods, into 

the LCP nanoparticles. On average, Alexa-Fluor-647-ATP-loaded LCP nanoparticles have a size 

of 131.7±8.2 nm. The synthesized nanoparticle was added into the tissue culture medium and 

incubated with the HCT116 cells for intracellular uptake. At 1, 2 and 4 hours, as described in 

Materials and Methods, the cells were harvested and analyzed with flow cytometer to measure 

their fluorescent activity. The result is shown in Figure 3D. Compared with control cells, 

nanoparticle treated cells exhibited significantly stronger fluorescent activity by 1 hour of the 

treatment, suggesting cellular uptake of the nanoparticles. While no appreciable increase of the 

fluorescent activity was observed in the control cells, the fluorescent activity kept increasing in 

the nanoparticle treated cells.  

 

This uptake was also directly observed as described in Materials and Methods. The cells were 

grown in a glass bottom dishes and treated with the nanoparticle for 2.5 hours. They were then 

fixed, nucleus-stained and observed under a confocal microscope. As shown in figure 3E, strong 

Alexa-Fluor-647 red fluorescence activity was spotted inside the HCT116 cells, demonstrating 

the cellular internalization of loaded LCP nanoparticles. Thus, we were convinced that the LCP 

nanoparticles could be used as a vehicle for intracellular nucleotide analog delivery. 

 

3.3 In vivo RAS binding to nanoparticle delivered BODIPY-FL-GTPγS 

 

Encouraged by the cellular uptake of the nanoparticle, we explored the potential of using it to 

deliver fluorogenic probes to enable an in vivo version of a previously in vitro analysis protocol. 
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An excellent candidate is the fluorogenic GTP analog BODIPY-FL-GTPγS. This molecule is not 

highly fluorescent in solution, but becomes activated upon binding to proteins such as RAS. We 

tested whether this fluorogenic property can be used to visualize general GTP-protein binding in 

live cells. Thus, we synthesized nanoparticle loaded with a mixture of BODIPY-FL-GTPγS and 

Alexa-fluo-647-ATP (10 to 1 molar ratio). The constitutively fluorescent alexa-fluo-647-ATP 

was used to monitor nanoparticle delivery; BODIPY-FL-GTPγS, to the contrary, becomes 

fluorescent only upon binding to proteins, and thus was used to monitor protein-GTP binding. 

Briefly, the fluorescent signals of the two molecules didn’t co-localize (Fig. 4B). The 

constitutive ATP analog is heavily concentrated inside the nanoparticle before its release and, 

thus, gave strong localized signal  inside internalized nanoparticles (Fig. 4B, red signal). 

BODIPY-FL-GTPγS, on the other hand, was not fluorescent inside the nanoparticle and in its 

free form upon release from the nanoparticle. Instead, its fluorescent activity largely localized to 

the cell membrane (Fig. 4B, green signal), where G-proteins are known to be largely anchored to 

and thus GTP-protein binding events concentrate. As our control, cells treated with empty 

control nanoparticle did not exhibit the fluorescent signals (Fig. 4 D). 

 

Thus, this experiment establishes that it is feasible to use nanoparticle-delivered fluorogenic 

nucleotide analog to monitor nucleotide-protein binding in live cells. Subsequently, we would be 

able to test whether the delivered BODIPY-FL-GTPγS can bind to the RAS proteins in vivo in 

HCT116 cells and activate its fluorescent activity, enabling a fluorescence-based RAS activity 

analysis method.  

 

A good experimental method must be able to detect dynamic fluctuation of the targeted activity 

amid relevant cellular processes. Fortunately, one such process is available for testing whether 

our effort can achieve this capacity. It is well-known that serum starvation reduced RAS activity 

and that transient RAS activation would occur upon subsequent serum re-activation of the 

starved cells (34). The transient activation occurs quickly, within 20 minutes (34-36), providing a 

convenient testing opportunity for us. Thus, we monitored RAS-associated fluorescent activity 

during this process in nanoparticle-treated cells.  
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Our experimental workflow is shown in Figure 5. The approach is RAS immno-precipitation, 

followed by fluorescence analysis as described in Materials and Methods, with the results shown 

in figure 6. Briefly, HCT116 cells were plated into (1 × 106 cells per dish), and grown in, 100 

mm2 dishes. At log-phase, the cells were switched either to fresh regular medium or to medium 

without serum for serum starvation. Next day, the cells were incubated with BODIPY-GTP-γ-S-

loaded LCP NPs for 4 h at an equivalent concentration of 10 μM. For serum-starved cells, 10% 

FBS was added to the dishes to re-activate the cells. At specified time points, the cells were 

harvested for cell lysate extraction. We pre-cleaned the cell lysates with a control antibody. The 

cell lysates were then aliquoted. One aliquot was subjected to immuno-precipitation analysis 

with the pan RAS monoclonal antibody. We then quantified the fluorescent activities co-

precipitated with the RAS proteins. Not surprisingly, the activity was lower in serum-starved 

cells; and a transient peak was observed at 15 minutes after serum re-activation (Fig. 6A). A 

Western blot analysis of another aliquot of the cell lysates showed that the RAS protein 

expression level remained constant throughout the process (Fig. 6B). Thus, the fluctuation of the 

fluorescent activity should be a reflection of the underlying regulation of RAS signaling activity 

during this process.  

 

Taken together, the results suggested that the LCP nanoparticle was capable of intracellular 

delivery of sufficient amount of BODIPY-FL-GTPγS. Delivered BODIPY-FL-GTPγS molecules 

were able to compete with endogenous GTP for RAS binding, activating their fluorescent 

activity. The fluorescent activity, in turn, acted as a reporter of GTP binding to the RAS proteins. 

In a word, a RAS analysis method based on in vivo GTP binding activity was established. 

 

4. Discussion 

 

Many experimental protocols in biochemistry as well as molecular and cellular biology 

rely on biochemical analogs with easily quantifiable reporter activities as the analysis 

probes. Often, these protocols are rendered in vitro due to the lack of sufficient cell 

membrane permeability of these analysis probes. For examples, the analyses of RAS and 

other G-proteins that use GTP analogs as probes has to be executed in vitro with cell 

lysate, since GTP analogs are cell impermeable by themselves. In this study, we 
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attempted to overcome this issue via nanoparticle-mediated intracellular delivery of a 

GTP analog with conditional fluorescent activity. The strategy should be applicable to 

many other experimental protocols.    

 

Our approach currently requires an immuno-precipitation step after in vivo binding of 

delivered BODIPY-FL-GTPγS to the RAS proteins. This is because of our inability to 

distinguish RAS GTP binding from other GTP binding events, which are numerous in the 

cells. For instance, GTP is also used as the energy source during the elongation stage of 

translation and, thus, binds to proteins of the translation machinery (37). As another 

example, there are many non-RAS G-proteins, which are often coupled to cell surface 

receptors (38). This necessitated lysing the cells, followed by RAS antibody immune-

precipitation to isolate the RAS-specific GTP binding activity. Perhaps, the chemical 

genetic approach developed by Dr. Kevan Shokat for protein kinase substrate 

identification can be borrowed to address this issue (39). Briefly, in the Shokat approach, 

the gatekeeper amino acid residue in the ATP binding pocket of the protein kinase is 

mutated into a glycine to enlarge the pocket, so that the mutant protein kinase can 

accommodate a bulky ATP analog and use it in its kinase reaction. Consequently, the 

kinase reaction of the kinase of interest is distinguished from those of other protein 

kinases (more than 500) in the human kinome. A similar pair of RAS mutant and cognate 

GTP analogue, if successfully created, will be able to distinguish RAS GTP binding from 

other GTP binding events, enabling a fully in vivo RAS analysis method. 

 

This strategy of using nanoparticle for intracellular probe delivery should be applicable to 

many other signal transduction analysis protocols. In addition to GTP, other nucleotides 

act frequently as allosteric regulators of key signaling proteins. For example, cyclic AMP 

(cAMP) is required for the activation of many proteins, such as protein kinase A (PKA) 

and the guanine nucleotide exchange factor (GEF) EPAC1 and EPAC2 (40); ADP and 

AMP activates the AMP-activated protein kinase (AMPK) (41). LCP nanoparticle should 

be capable of intracellular delivery of the analogs of these nucleotides and enable an in 

vivo version of the analysis protocols for the corresponding proteins. 
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Moreover, allosteric regulation by small chemicals occurs ubiquitously, i.e., in many 

other cellular functional domains, in the cells. First, the nucleotides are also frequent 

allosteric regulators of proteins with a wide range of biochemical functions. For instance, 

AMP activates phosphofructokinase 1 (PFK1), the enzyme at the rate-limiting step of the 

glycolysis pathway, and ATP competes with AMP to reverse the activation (42); and 

AMP activates glycogen phosphorylase b (PYGB) (43). Second, other types of chemicals 

also act as allosteric regulators. Among numerous such instances, Fructose 2,6-

bisphosphate (Fru-2,6-P2) also regulates the PFK1 protein (44); the inhibition of 3-

phosphoglycerate dehydrogenase (PHGDH) by serine; and the inhibition and activation of  

threonine deaminase by isoleucine and valine, respectively (45). In case the analogs of 

these allosteric regulators are used in the analysis of the cognate proteins, the 

experimental protocol will be a good candidate for in vivo improvement via nanoparticle-

mediated intracellular delivery of the analogs. Likely, in order to achieve optimal 

delivery efficiency, different nanoparticles will be needed for different types of allosteric 

regulatory chemicals. And there are a wide variety of nanoparticles to choose from. 

 

In summary, we tackled the issue of cell impermeability of key analysis probes, which 

rendered in vivo execution of the cognate experimental protocols impossible. In this 

initial effort, the LCP nanoparticle-mediated intracellular GTP analog delivery enabled 

an in vivo RAS analysis. Moreover, such allosteric regulation is ubiquitous in the cells. It 

is our firm belief that the principle and approach are applicable to many other protocols, 

opening up tremendous research opportunities. 
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Figure legends 

 

Figure 1. Schematic illustration of the RAS signaling cycle (A) and intervention by GTP-γ-S 

and its derivatives (B). (A) Upstream signals activate SOS, replacing the RAS-associated GDP 

with a GTP and activating RAS signaling to downstream effectors. The RAS GTPase activity 

then hydrolyzed the GTP into a GDP, shutting off downstream signaling. (B) Binding by the 

GTP analog GTP-γ-S, which is much less hydrolysable, leads to stabilization of the RAS GTP-

bound active state. Thus, GTP-γ-S derivatives with quantifiable reporter activities, such as 

fluorescence, have been used as probes in in vitro analyses of RAS and G-proteins. 

 

Figure 2. Schematic illustration of the synthesis procedure of BODIPY-FL-GTPγS-loaded LCP 

nanoparticle. Please see Materials and Methods for details. 

 

Figure 3. Characterization of the LCP nanoparticles. (A) Histogram of BODIPY-FL-GTPγS-

loaded LCP nanoparticle size. (B) TEM images of BODIPY-FL-GTPγS-loaded LCP 

nanoparticles. The experiment was repeated 4 times. A representative result is shown. The scale 

bar is 200 nm. (C) Average sizes of BODIPY-FL-GTPγS-loaded LCP nanoparticles and Alexa-

Fluor-647-ATP-loaded LCP nanoparticles.  (D) Cellular uptake of Alexa-Fluor-647-ATP-loaded 

LCP nanoparticles in HCT116 cells monitored by flow-cytometry analysis. And (E) Fluorescent 

microscope image of HCT116 cells treated with Alexa-Fluor-647-ATP-loaded LCP 

nanoparticles. This experiment was repeated 4 times. A representative result is shown. The scale 

bar is 20.0 μm.. 

 

Figure 4. Confocal microscope images of the HCT116 cells.  The cells are treated with loaded-

nanoparticle in A and B, and empty nanoparticle in C and D.  In A and C, images of the cells are 

shown. In B and D, images of the cells, alexa-fluo-647 signal (red) image and the bodipy-FL 

signal (green) image are merged together. 

 

Figure 5. Our experimental strategy. Briefly, the cells were treated with the LCP 

nanoparticle. The cells were lysed, and the cell lysates were pre-cleaned with the control 

antibody and aliquoted. One aliquot was used for immune-precipitation and 
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quantification of RAS-associated fluorescent activity, and another for Western blot 

analysis. 

 

Figure 6. Analysis of cellular regulation of RAS via in vivo RAS-binding by delivered 

BODIPY-FL-GTPγS in HCT116 cells. (A) Dynamic fluctuation of RAS-associated 

fluorescent activity upon serum starvation, and at specified time points during subsequent 

serum reactivation, of the cells. The cells were lysed. Cell lysates were pre-cleaned with 

a control antibody and aliqoted. One aliquot set of the cleaned cell lysates were used for 

RAS immune-precipitation. The fluorescent activities co-precipitated with RAS were 

quantified and shown (**: p < 0. 01 in a t-test versus non-starved (FBS) cells). (B) 

Western blot analysis of another aliquot set of the pre-cleaned cell lysates with the RAS 

antibody, in order to illustrate equal RAS protein expression levels. The results shown in A 

and B are from one of 5 independent repeats of the whole experimental procedure; the same 

pattern was observed in all the repeats.   
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Figure 3 
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