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The various highly compartmentalized, membrane-bound organelles are essential for 

cellular metabolism in eukaryotic cells.[1,2] The specialized composition of proteins and 

lipids in different organelles enables them to accomplish specialized processes, and 

sophisticated sorting mechanisms direct molecules to specific intracellular locations to 

maintain cellular functions.[2–4] Although it is ubiquitous to life that cells routinely generate 

and sort nanostructures, including protein complexes, organelles and chromosomes, our 

ability to similarly engineer and sort synthetic organelles in vivo remains primitive.[2,5,6] To 

address this challenge, this communication describes an innovative approach for co-

assembly and self-sorting of materials inside living cells using genetically-encoded protein 

polymers – elastin-like polypeptides (ELPs).[7] ELPs are repetitive polypeptides with the 

sequence of (Val-Pro-Gly-Xaa-Gly)n derived from human tropoelastin, where Xaa and n 

represent the ‘guest residue’ identity and number of repeat units, respectively.[8,9] ELPs 

mediate self-assembly by temperature-triggered phase separation above their transition 

temperature (Tt).[10] Depending on the composition and arrangement of guest residues, 

monoblock ELPs form micro-structures distinct from diblock ELPs after assembly.[11–13] 
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While monoblock ELPs form large protein coacervates, amphiphilic ELP diblock 

copolymers sometimes assemble nanoparticles of less than 100 nm in diameter.[14,15] Prior 

studies revealed that ELP fusion proteins assemble genetically engineered protein 

microdomains (GEPMs) in living eukaryotic or E. coli cells;[16,17] however, this 

communication is the first report exploring how ELPs can sort or assemble two distinct 

proteins. The hypothesis is that different monoblock ELPs with similar transition 

temperatures may spatially coassemble into mixed GEPMs, and that these will spatially sort 

from ELP diblock copolymers (Scheme 1). To test this hypothesis, three different 

monoblock ELPs and one diblock ELP were biosynthesized and purified, and their micro-

structures were identified and characterized. The capability of these ELPs to spatially co-

assemble and self-sort was evaluated using confocal laser scanning microscopy both in vitro 

and in the eukaryotic cytosol. These findings reveal a potentially powerful strategy for 

intracellular co-assembly and sorting of GEPMs, and may have utility in organizing 

synthetic organelles enriched in distinct functional proteins.

Four ELPs have been biosynthesized and purified (Table 1) in order to mimic the natural 

protein sorting process in eukaryotes. Among these four ELPs, I24, V96 and V192 are 

hydrophobic monoblock ELPs with isoleucine or valine as guest residues, while S48I48 is 

an amphiphilic diblock ELP copolymer with serine and isoleucine as the guest residues of 

hydrophilic and hydrophobic blocks respectively. The micro-structures formed after their 

temperature-sensitive transitions were assessed by optical density measurement, dynamic 

light scattering (DLS), cryogenic-transmission electron microscopy (Cryo-TEM) and 

negative staining TEM (Figure 1). Optical density measurement using a range of ELP 

concentrations from 25 µM to 250 µM confirmed a negative correlation between the 

concentration and transition temperature (Figure 1a). Using this fit, a common transition 

temperature of about 28 °C was identified for the four ELPs by adjusting the concentration. 

Another optical density measurement of these four ELPs transitioned at the same 

temperature (28 °C) with different concentrations suggested the formation of micro-

structures with widely differing optical density (Figure 1b). Above the assembly 

temperature, the high A350 optical densities of I24, V96 and V192 monoblock ELPs were 

consistent with the formation of large microparticles, while the relatively low optical density 

of S48I48 was consistent with the formation of nanoparticles. To further explore these 

micro-structures, DLS, cryo-TEM, and negative staining TEM were performed to measure 

the hydrodynamic radii and observe morphology of the nanostructures respectively (Figure 1 

c–e). DLS analysis determined that amphiphilic S48I48 diblock ELP assembled micelle 

nanoparticles with a hydrodynamic radius of 24 nm, while the other ELP monoblock 

coacervates formed large microparticles (hydrodynamic radii from 0.4 to 1.3 µm) above 

their Tt (Figure 1c). Consistent with DLS data, negative staining TEM imaging also 

confirmed the assembly of large GEPMs from monoblock ELPs I24, V96 and V192 

(Supporting Information, Figure S1). Moreover, the morphology of S48I48 micelle 

nanoparticles was confirmed by cryo-TEM (Figure 1d) and negative staining TEM (Figure 

1e) imaging with an average measured radius of 14.3 ± 1.4 nm and 17.1 ± 1.4 nm, 

respectively.
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Since distinct micro-structures above Tt have been identified, the capability of monoblock 

and diblock ELPs to spatially co-assemble and self-sort was first examined in vitro (Figure 

2). The assay was developed in a glass bottom dish with a temperature control stage. Using 

confocal microscopy, ELPs labeled with different fluorophores could be distinguished and 

analyzed by quantitation of colocalization. Four groups of ELPs were assigned based on 

their differences in the repetitive unit lengths (n), guest residues (Xaa) and block 

composition (monoblock vs. diblock). The two ELPs in each group were site-specifically 

labeled at the amino terminus with rhodamine (Rho) or carboxyfluorescein (CF), mixed in 

the dish and imaged above their Tt (Figure 2a). Below Tt, each group was uniformly mixed 

and highly colocalized (Figure S2). Above Tt, large microdomains colocalized in the 

mixtures of V96-V96, V96-V192 and V96-I24. As expected, mixtures of ELPs with the 

same guest residue (Xaa = Val) and different molecular weights (n = 96 and 192) yielded 

nearly optimal spatial co-assembly above their common Tt. Unexpectedly, in the V96-I24 

mixture a fraction of I24-CF coacervate forms ‘red free’ domains that are inaccessible to the 

surrounding V96-Rho coacervate (Figure 2a). This may be due to I24’s higher 

hydrophobicity (Xaa = Ile vs. Val) and lower molecular weight (1/4 of V96) compared to 

V96, which may allow it to form a crystalline phase within the amorphous V96 melt. Thus, 

even though I24 and V96 spatially co-assemble, they form heterogeneous microdomains 

containing subfeatures. In contrast, the assembled microdomains of V96-Rho are spatially 

separate from those of S48I48-CF in the V96-S48I48 mixture. Interestingly, in the V96-

S48I48 mixture the size of V96 coacervates was significantly smaller than in the other 

mixtures. Despite their apparent spatial sorting, S48I48 nanoparticles appear to mediate 

growth of smaller V96 microdomains, which is a phenomenon that will be explored in future 

studies. Colocalization analysis was performed using software JACoP in ImageJ and 

LSM510 for all confocal images (Figure 2b–f). Scatter plots displayed dissimilar 

correlations between red and green pixels in each group (Figure 2b–e). Both positive slopes 

of the linear regression lines and tight distribution of data points along the lines indicated a 

positive correlation between the two pixels in the mixtures of V96-V96 (Slope = 0.54, r2 = 

0.9939), V96-V192 (Slope = 0.54, r2 = 0.9106) and V96-I24 (Slope = 1.23, r2 = 0.9514) 

(Figure 2 b–d). However, a negative slope and near-axial distribution of data points was 

observed in the V96-S48I48 mixture, which may be interpreted as a measure of spatial 

sorting between these two ELPs (Slope = −0.19, r2 = 0.0361) (Figure 2e). To quantitatively 

evaluate the degree of colocalization between two ELPs in each group, Pearson's 

coefficients (PC) were calculated by both JACoP and LSM510, and overlap coefficients 

(OC) were obtained from JACoP (Figure 2f). A difference in PC between JACoP and 

LSM510 is noticeable because LSM510 subtracts manually determined background 

intensity from the image while JACoP does not. The PC for the groups of V96-V96, V96-

V192 and V96-I24 were close to 1, which revealed strong colocalization. In contrast, the PC 

of V96-S48I48 group from both JACoP and LSM510 were close to 0 or even negative, 

which suggest that these two ELPs self-sort. The OC quantifies the overlap of the two pixels 

(range from 0 to 1) also suggests strong co-assembly of the three monoblock ELP groups 

and self-sorting between V96 and S48I48. To further study the relation between self-sorting 

of monoblock and diblock GEPMs and ELP concentration, different mixing ratios of V96 

and S48I48 were tested for in vitro self-sorting. It was discovered that the spatial self-sorting 

of monoblock and diblock GEPMs was independent of ELP concentration (Figure S3).
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Having obtained evidence of in vitro spatial co-assembly and self-sorting, we hypothesized 

that the genes encoding for ELP microdomains would have similar behavior when observed 

in a complex biological environment such as the cytosol of a living eukaryote. A human 

embryonic kidney (Hek) cell line (Hek-DsRed-V96) was established to stably express 

DsRed-V96 – a fusion of a red fluorescent protein and monoblock ELP. Mammalian GFP-

ELP fusions – GFP-V96 and GFP-S48I48 were cloned and transiently transfected into Hek-

DsRed-V96 cells respectively. Confocal microscopy was utilized to image the cells 

containing both DsRed and GFP fluorescence (Figure 3a). With a temperature control stage, 

it was determined that all fusion ELPs had a similar intracellular transition temperature 

(DsRed-V96 26.3 °C, GFP-V96 26.9 °C, and GFP-S48I48 25.6 °C). Therefore, 37 °C and 

10 °C were selected to represent intracellular co-assembly and self-sorting after and before 

microdomain formation. In both groups of DsRed-V96/GFP-V96 and DsRed-V96/GFP-

S48I48 at 10 °C, GFP and DsRed fluorescence was uniformly distributed throughout the 

cell, which was reflected by strong colocalization between the two soluble monomers. ELP 

microdomains (red and green puncta) assembled in both groups when the temperature was 

raised to 37 °C. The microdomains of DsRed-V96 and GFP-V96 extensively colocalized 

with each other while spatially separated microdomains were observed in cells with both 

DsRed-V96 and GFP-S48I48. Similar to in vitro data analysis, the intracellular confocal 

images were quantitatively analyzed for pixel colocalization using JACoP and LSM510 

software. Consistent with the confocal images, the statistical analysis demonstrated 

intracellular co-assembly of DsRed-V96 and GFP-V96 and self-sorting between DsRed-V96 

and GFP-S48I48 (Figure 3b–f). While remaining soluble at 10 °C, both DsRed-V96/GFP-

V96 and DsRed-V96/GFP-S48I48 groups showed positive slopes and high (close to 1) r2 

values of the linear regression lines in scatter plots (DsRed-V96/GFP-V96 slope = 1.24, r2 = 

0.8958; DsRed-V96/GFP-S48I48 slope = 1.12, r2 = 0.6315) (Figure 3b and d) After phase 

transition at 37 °C, the value of r2 slightly increased in the group of DsRed-V96/ GFP-V96 

(r2 = 0.9642) while a significant decrease was observed in both values of the slope and r2 in 

DsRed-V96/GFP-S48I48 group (slope = 0.47, r2 = 0.2362) (Figure 3c and e). These data 

indicated that after phase transition, the DsRed-V96/GFP-V96 group assembled 

microdomains with a higher degree of colocalization. In contrast, self-sorting DsRed-V96 

and GFP-S48I48 microdomains had a much lower the degree of pixel colocalization. 

Moreover, the high (close to 1) values of PC and OC confirmed co-assembly of the 

microdomains of DsRed-V96 and GFP-V96. In contrast, the coefficient values dramatically 

decreased with the formation of DsRed-V96 and GFP-S48I48 microdomains indicating that 

these two ELP fusion proteins can spatially self-sort in living cells (Figure 3f). In the 

intracellular assay, PC values from JACoP and LSM510 differ because of the relatively high 

background intensity resulting from the overexpression of DsRed-V96. Without removing 

DsRed background, PC from JACoP included colocalization of low intensity background 

pixels in DsRed-V96 and GFP-S48I48 37 °C group which resulted in a slightly positive 

value; however, a negative value obtained from LSM510 after removing those unwanted 

pixels provided stronger quantification of intracellular sorting of DsRed-V96 and GFP-

S48I48 microdomains.

In summary, this communication reports the biosynthesis of three different ELP monoblocks 

and one diblock and their distinct microdomains assembled after ELP-mediated phase 
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separation. It was confirmed that ELP monoblocks with similar Tt assemble relatively large 

protein coacervates which could coassemble in vitro; however, these coacervates self-sorted 

from the nanoparticles assembled by ELP diblock copolymers. It is also possible that some 

mixtures of ELP monoblocks will also sort; however, our data suggests that when the 

transition temperatures are matched, ELP molecular weight and sequence yield co-assembly. 

Most importantly, an intracellular assay demonstrated co-assembly of overexpressed DsRed-

V96 and transfected GFP-V96 and self-sorting between DsRed-V96 coacervates and GFP-

S48I48 nanoparticles in eukaryotic cells. These encouraging in vitro and intracellular 

findings demonstrate that ELP gene products can be induced to either spatially sort or co-

assemble functional proteins (GFP, DsRed) within the cytosol. For the first time, this simple 

strategy enables advanced control over the organization of micro-structures in the cytosol, 

which may promote the development of synthetic organelles.

Experimental Section

Biosynthesis and Characterization of ELPs

The recombinant pET25b(+) vectors with ELP gene insertions were used for ELP 

expression in BLR (DE3) E. coli. Inverse transition cycling was used to purify ELP samples 

from the cell lysate. The detailed ELP expression and purification procedures were 

described in the previous publications of our group.[14,18] The optical density of ELPs (OD 

350 nm, temperature gradient of 1 °C min−1) was measured using DU800 UV-Vis 

spectrophotometer (Beckman Coulter, CA). The temperature at the maximum first 

derivative of the optical density at 350 nm was defined as ELP transition temperature (Tt). 

Dynamic light scattering (DLS) was used to estimate the hydrodynamic radii of ELP 

nanoparticles. Pure ELP samples (25 µM, in PBS) were filtered (20 nm membrane filter, 4 

°C) and loaded onto a pre-chilled 384 well plate. A Wyatt Dynapro plate reader (Santa 

Barbara, CA) was used to measure ELP hydrodynamic radii (1 °C temperature interval). 

Cryogenic-transmission electron microscopy (Cryo-TEM) and negative staining TEM were 

used to observe nanoparticle morphology in solution and in the dried-down state 

respectively. The detailed preparation procedure was described in our previous 

publication.[14]

In Vitro Co-Assembly and Sorting

ELP samples were labeled with rhodamine (Rho) or carboxyfluorescein (CF) using N-

Hydroxysuccinimide (NHS) chemistry. The labeled ELPs were diluted to the required 

concentrations in each designated group to obtain the same Tt. The two ELPs in each group 

(Rho and CF labeled) were mixed at 1: 1 (v/v) ratio in a 35 mm glass bottom dish (MatTek, 

MA) and imaged using a Zeiss LSM 510 Meta NLO confocal microscopy (Thornwood, NY) 

with an Instec HCS60 temperature control stage (Denver, CO). All images were captured 

under a Plan-Apochromat 63× oil immersion lens with a working distance of 0.19 mm.

Lentivirus (rLV) Production and Generation of Stable Cell Line Hek-DsRed-V96 E xpressing 
DsRed-V96

DsRed-V96 gene was inserted into pLVX-N1 lentiviral expression vector (Clontech 

Laboratories, CA). The construct was then mixed with Lenti-X HT proprietary packaging 
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mix and used with Lentiphos HT transfection system (Clontech Laboratories, CA) to 

transfect 293T cells for production of VSV-G pseudo-typed, replication-incompetent rLV. 

The supernatants containing the rLV were collected and concentrated by centrifugation 

(1500 g, 45 min) and LentiX concentrator (Clontech Laboratories, CA) after 48 h post-

transfection. Viral titers were determined using p24 antigen ELISA (Invitrogen, CA). To 

generate a stable cell line, Hek cells were infected with 104 infectious units/ml rLV 

encoding DsRed-V96. To enrich the tissue culture, the cells were split at 1:10 and 1:100 

ratios and continued to grow in the presence of selective agent puromycin. A few resultant 

single colonies with bright DsRed fluorescence levels were selected using a pipet tip and 

allowed for cell culture growth (named Hek-DsRed-V96 cells).

Intracellular Co-Assembly and Sorting

ELP genes were inserted to the downstream of NT-GFP-pcDNA3.1 plasmid (Invitrogen, 

CA) to produce mammalian GFP-ELP fusions. The GFP-ELP constructs were used to 

transfect Hek-DsRed-V96 cells in plain Dulbecco's modified Eagle’s medium (DMEM) 

using Turbofect (Fermentas, MA). The cells were incubated with Turbofect-DNA mixture 

for 6 h, washed with PBS, and cultured in fresh DMEM for 48 h before confocal 

imaging.[16] Confocal images were captured using a Zeiss LSM 510 Meta NLO confocal 

microscopy (Thornwood, NY) with an Instec HCS60 temperature control stage (Denver, 

CO) under a Plan-Apochromat 63× oil immersion lens with a working distance of 0.19 mm.

Statistical Analysis

Confocal images were converted from RGB-color to 8-bit and analyzed by JACoP in ImageJ 

(NIH). Scatter plots of the red and green pixels, Pearson’s coefficients and overlap 

coefficients were obtained from JACoP analysis to evaluate colocalization of two ELP 

microdomains.[19] The slope and r2 value in the linear regression were used to predict the 

correlation between red and green pixels in the scatter plots. Software LSM 510 

(Thornwood, NY) was also used to acquire Pearson’s coefficients from confocal images of 

each group with a manually determined threshold of noise.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Tunable assembly of micro-structures from hydrophobic ELP monoblocks and amphiphilic 

ELP diblock copolymers. Four ELPs are considered in this study with varying molecular 

weight, ELP guest residue, and polymer architecture (Table 1). a) The concentration-

temperature phase diagram for these distinct polymers enables the selection of 

concentrations that assemble at a common temperature. All four ELPs transition at 28 °C 

under different concentrations: S48I48 25 µM, V96 250 µM, V192 25 µM, I24 100 µM. b) 

Above this temperature, optical density measurements show that ELP monoblocks I24, V96 

and V192 form highly turbid particle suspensions, while the ELP diblock S48I48 assembles 

Shi et al. Page 8

Adv Mater. Author manuscript; available in PMC 2015 January 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



particles with a minimal increase in optical density. Under optimal conditions, all four 

constructs assemble at nearly identical temperatures. c) DLS analysis demonstrates that 

S48I48 assembles into nanoparticles with a hydrodynamic radius of 24 nm, while ELPs 

monoblocks form larger microparticles ranging from 0.4 to 1.3 µm in radius. d) Cryo-TEM 

imaging confirms the formation of S48I48 into small nanoparticles with a radius of 14.3 ± 

1.4 nm (Mean ± SD, n = 10). Bar length = 100 nm. e) Negative staining TEM image of 

S48I48 nanoparticles. The measured radius is 17.1 ± 1.4 nm (Mean ± SD, n = 10). Bar 

length = 100 nm.
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Figure 2. 
Only monoblock and diblock copolymers spatially sort into distinct GEPMs. a) Confocal 

microscopy imaging was used to characterize ELP micro-structures above the matched 

transition temperature. On a glass bottom dish, two purified ELPs labeled respectively with 

rhodamine (Rho) and carboxyfluorescein (CF) were mixed. Below their transition 

temperature both colors remain mixed and diffuse (Figure S2). The ‘red free’ domains in the 

V96-I24 mixture are indicated with red arrows. Scale bar = 10 µm. b–e) Scatter plots of red 

and green pixels were generated from converted (8-bit) confocal images of ELP mixtures. 

Linear regression lines are shown in red for each mixture. Noise in each image was 

determined as Red < 5 and Green < 5 and excluded from the scatter plots. f) For each 

mixture, Pearson’s coefficients (PC1, PC2) and overlap coefficients (OC) were estimated. 

PC1 and OC were generated using JACoP software. PC2 was generated from LSM 510 

software.
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Figure 3. 
Fluorescent ELP fusion proteins in the eukaryotic cytosol can co-assemble or self-sort 

GEPMs. a) Confocal microscopy imaging of GFP-ELP and DsRed-ELP fusions in Hek-

DsRed-V96 cells. GFP-V96 and GFP-S48I48 were respectively transfected and expressed in 

stable Hek-DsRed-V96 cells. The images were captured before (10 °C) or after (37 °C) 

GEPM assembly. Scale bar = 5 µm or 10 µm. b–e) Scatter plots of green and red pixels from 

converted (8-bit) confocal images. Linear regression lines are shown in red for 10 °C and 37 

°C groups. f) For co-transfected cells, Pearson’s coefficients (PC1, PC2) and overlap 

coefficients (OC) were estimated. PC1 and OC were generated using JACoP software. PC2 

was generated from LSM 510 software. A, B, C and D represent the correlation of DsRed-

V96/GFP-V96 at 10 °C, DsRed-V96/GFP-V96 at 37 °C, DsRed-V96/GFP-S48I48 at 10 °C 

and DsRed-V96/GFP-S48I48 at 37 °C, respectively.
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Scheme 1. 
Co-assembly versus self-sorting of Genetically Engineered Protein Microdomains (GEPMs) 

in eukaryotes. a) Two different soluble ELP monoblocks are uniformly distributed in the 

eukaryotic cytosol when below their Tt. When induced to phase separate, structurally similar 

ELP monoblocks mix and co-assemble into micron sized mixed GEPMs. b) Structurally 

distinct ELP monoblock and diblock copolymers are homogeneously mixed below Tt. After 

transition, the nanoparticles assembled by ELP diblocks self-sort into GEPMs that are 

spatially separate from the monoblock ELP GEPMs in the eukaryotic cell. This process is 

tunable, switchable, and reversible; furthermore, because it is based on genetically-encoded 
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protein polymers, it may be useful to drive assembly and sorting of functional proteins in 

living cells.
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