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Abstract 
Mammalian cells process information through coordinated spatiotemporal regulation of proteins. Engineering cellular 
networks thus relies on efficient tools for regulating protein levels in specific subcellular compartments. To address the 
need to manipulate the extent and dynamics of protein localization, we developed a platform technology for the 
target-specific control of protein destination. This platform is based on bifunctional molecules comprising a target-specific 
nanobody and universal sequences determining target subcellular localization or degradation rate. We demonstrate that 
nanobody-mediated localization depends on the expression level of the target and the nanobody, and the extent of target 
subcellular localization can be regulated by combining multiple target-specific nanobodies with distinct localization or 
degradation sequences. We also show that this platform for nanobody-mediated target localization and degradation can be 
regulated transcriptionally and integrated within orthogonal genetic circuits to achieve the desired temporal control over 
spatial regulation of target proteins. The platform reported in this study provides an innovative tool to control protein 
subcellular localization, which will be useful to investigate protein function and regulate large synthetic gene circuits. 
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1. Introduction 
Cellular information processing is primarily managed by regulat- 
ing protein concentration in space and time (1, 2). Temporal reg- 
ulation of protein concentration is mostly achieved through 
activation of transcription factors and protein degradation, 
which are controlled through a myriad of well-studied mecha- 
nisms (3–12). Proteins are typically synthesized in the cytosol or 
on ER-bound ribosomes and trafficked to their final destination 
based on signal sequences contained in the protein’s primary se- 
quence (13). Protein function depends on subcellular location 

 
and is drastically affected by environmental conditions, such as 
pH and redox state (14–17). Protein localization also dictates the 
availability of interacting proteins (18–21) and substrates (22–24), 
further diversifying protein functionality. Moreover, many cellu- 
lar responses are regulated by mechanisms controlling changes 
in localized protein concentration, including translocation of 
transcription factors from the cytosol to the nucleus (25), release 
of mitochondrial proteins into the cytosol during apoptosis (26), 
endocytic recycling of plasma membrane proteins (27) and scaf- 
fold recruitment and release of signaling pathway components 
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(28). Spatial organization of cellular components is also of vital 
importance in cellular manufacturing of proteins and metabo- 
lites (29), as it provides a mechanism for accelerating reactions 
(30, 31) and reducing interference between pathways with shared 
components (32). Furthermore, aberrant localization of proteins 
has been associated with disease states including neurodegener- 
ation (33–35), metabolic impairment (36, 37) and cancer (38, 39). 
Controlling protein localization would thus open the way to a 
number of applications ranging from fundamental studies of 
protein function to therapeutic protein delivery. Previous 
attempts to target proteins to specific compartments have facili- 
tated characterization studies (40), manipulation of protein activ- 
ity (41, 42) and control of metabolic pathways (43, 44). Perturbing 
cellular protein levels and monitoring the associated phenotypic 
changes are widely recognized as a powerful approach to investi- 
gate biological pathways (45–47). Similarly, characterization of 
the physiological role of protein localization in the complex mi- 
lieu of mammalian cells depends on tools  to precisely perturb 
the location of cellular proteins and monitor the associated phe- 
notypic changes (48–50). 
Control of protein localization can be achieved through fusion 

of a protein of interest to well-characterized sequences known to 
control protein trafficking (13, 51). This approach, however, requires 
genetic manipulations of the target protein, which may potentially 
affect the protein’s native function (52, 53). In addition, the effi- 
ciency of protein localization is largely target specific (54, 55). 
Control over the location of a target protein can also be achieved 
through engineered inducible interactions between a protein resid- 
ing at the location of interest and the target protein. This approach 
to regulate protein localization requires extensive genetic manipu- 
lation and is generally implemented through fusion of a dimerizing 
domain to a protein at the desired location and to the target pro- 
tein. Small molecule (40, 41, 56–58) or light (59–61) inducible dimer- 
ization has been widely used to control target localization. These 
systems, however, are limited by the requirement for a binding 
partner with the correct subcellular address and that is amenable 
to protein engineering. Moreover, regulating localization of proteins 
based on fusion to a signal sequence or dimerization domain is a 
cumbersome endeavor due to the need to modify each target indi- 
vidually. Furthermore, the availability of a restricted number of in- 
ducible dimerization domains (56) limits the development of 
strategies for directing single targets to multiple compartments or 
for multiplexing the control of targets. An alternative approach to 
control the location of cellular proteins relies on the use of binding 
proteins (DARPins, antibody fragments and nanobodies) functional- 
ized with localization signals (50, 62–64). While target-specific rec- 
ognition molecules engineered to control target localization provide 
powerful tools to investigate the role of protein subcellular localiza- 
tion without modifying the target protein, current approaches 
based on recognition molecule-mediated localization do not allow 
for user-defined control over the extent and dynamics of target 
localization. 
In this study, we addressed the need for a platform technol- 

ogy for regulating the localization of cellular proteins that can 
be potentially adapted to any cellular target protein, provides 
dynamic control of the protein levels at the desired subcellular 
location and allows modulating subcellular localization of a sin- 
gle target to multiple compartments. In this regard, we con- 
structed a nanobody-based platform for the tunable control of 
target protein localization. Specifically, we built a toolbox of 
GFP-specific nanobodies functionalized to direct a target to a se- 
ries of subcellular compartments (NanoLoc). We demonstrated 

that nanobody-mediated localization of a target protein 
depends on the expression level of the nanobody and of the tar- 
get protein. We also provided proof-of-principle demonstration 
of a universal NanoLoc targeting a peptide tag (BC2) (65) for con- 
trolling the function of a BC2-tagged transcription factor via tar- 
geted localization. We developed a method to modulate the 
extent of target subcellular localization based on combining the 
use of target-specific nanobodies mediating localization 
(VHHLoc) and degradation (VHHDeg) (66). Finally, we interfaced 
this toolkit for nanobody-mediated control with different strate- 
gies for transcriptional regulation of the nanobody to achieve 
spatial and temporal control of the target protein. 

 
2. Materials and methods 
2.1 Plasmids and cloning 

Localization signal sequences are listed in Supplementary Table 
S1. The plasmids and primers used in this study are listed in 
Supplementary Tables S2 and S3, respectively. Plasmids were 
transformed and maintained in Stbl3 E. coli competent cells 
(Thermo Fisher Scientific). PCR amplifications of DNA fragments 
were performed using Kappa HiFi DNA polymerase (Kapa 
Biosystems) according to the manufacturer’s protocol. Plasmid 
sequences are available in the Supplementary data. 
The plasmid pSV40-GFP was generated by replacing the CMV 

promoter of pLenti CMV GFP Blast (Addgene plasmid # 17445) 
with the SV40 promoter using restriction enzymes ClaI  and 
BamHI. The neomycin-resistance gene was PCR amplified from 
pcDNA3.1þ (Invitrogen) with primers designed to  add  BamHI 
and  BlpI  enzyme  recognition  sites  50  and  30 ,  respectively.  The 
resulting fragment was ligated into the pLenti SV40 GFP vector, 
replacing the blasticidin-resistance gene, after digestion with 
BamHI and BlpI restriction enzymes. 
The GFP-specific VHH encoding sequence with a 50 fused HA 

tag sequence was amplified from pvhh (66). The pCMV- 
VHHMOM, pCMV-VHHERM, pCMV-VHHPEX and pCMV-VHHNLS 
were constructed using overlap extension PCR to fuse the locali- 
zation  signal  sequence  30  of  the  HA-VHH  encoding  sequence. 
The PCR amplified fragments encoding HA-VHHLoc variants 
were ligated into the pvhh vector (66) after digestion with KpnI 
and NotI restriction enzymes. To generate pCMV-VHHPM, the se- 
quence encoding the plasma membrane localization signal was 
fused to the 50 end of the vhh and the HA tag encoding sequence 
was fused to the 30 end of the vhh using overlap extension PCR. 
The resulting sequence was ligated into the pvhh vector after 
digestion with AflII and NotI restriction enzymes. 
The sequence encoding the BC2 tag (65) was obtained from 

Integrated DNA technologies and PCR amplified with primers 
designed to add NotI and XhoI enzyme recognition sites 50 and 
30 ,  respectively.  The  resulting  fragment  was  ligated  into  the 
pCMV-TetR vector (Invitrogen) after digestion with  NotI  and 
XhoI restriction enzymes, generating the plasmid pCMV-TetR- 
BC2T. The irfp sequence was PCR amplified from  piRFP 
(Addgene plasmid # 31857) with primers designed to add NheI 
and  NotI  enzyme  recognition  sites  50  and  30 ,  respectively.  The 
pCMV-iRFP-BC2T plasmid was generated from pCMV-TetR- 
BC2T by replacing tetR with irfp using NheI and NotI restriction 
enzymes. The tTA sequence was PCR amplified from ptTA (67) 
with primers designed to add NheI and NotI enzyme recognition 
sites  50  and  30 ,  respectively.  The  pCMV-tTA-BC2T  plasmid  was 
generated from pCMV-iRFP-BC2T by replacing irfp with tTA us- 
ing NheI and NotI restriction enzymes. The sequence encoding 
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BC2 tag-specific VHH (65) with a 50 HA tag fusion was obtained 
from Integrated DNA technologies. The resulting sequence 
(VHHBC2T) was PCR amplified with primers designed to add KpnI 
and  BlpI  restriction  sites  at  the  50  and  30 ,  respectively.  The 
pCMV-VHHBC2T was constructed by excising the VHHNLS se- 
quence from the pCMV-VHHNLS and replacing it with VHHBC2T, 
using restriction enzymes KpnI and BlpI. 
The pCMV-TetR-IRES-EKRAB plasmid was constructed by li- 

gating TetR (Invitrogen), an IRES (Addgene plasmid # 21547) and 
EKRAB (68) into the pLenti CMV eGFP Zeo vector (Addgene plas- 
mid # 17449) after restriction enzyme digestion of TetR with SpeI 
and SbfI, IRES with SbfI and MluI and EKRAB with MluI and SalI. 
The pCMV/TO-iRFP plasmid was generated from pcDNA4/TO 

(Invitrogen) by replacing gfp with irfp (piRFP, Addgene plasmid # 
31857) using KpnI and NotI restriction enzymes. The CMV pro- 
moter containing four downstream repeats of the ETR operator 
site (68) (CMV/ETR) was generated by assembly PCR. The CMV/ 
ETR promoter sequence was ligated into the pCMV/TO-iRFP vec- 
tor, replacing the CMV/TO promoter, after digestion with MluI 
and KpnI restriction enzymes. The pCMV/TO-VHHMOM plasmid 
was constructed by excising the HA-VHHMOM sequence from 
pCMV-VHHMOM and ligating it into pCMV/TO-iRFP, replacing 
irfp, using restriction enzymes KpnI and NotI. The pCMV/TO- 
VHHNLS plasmid was constructed in the same manner by excis- 
ing VHHNLS from pCMV-VHHNLS. The pCMV/ETR.VHHODC(wt) 
plasmid was constructed by excising VHHODC(wt) from pvhh- 
ODC (66) and ligating it into the pCMV/ETR-iRFP backbone, 
replacing irfp, using restriction enzymes KpnI and NotI. The 
pCMV/ETR-VHHMOM plasmid was constructed in the same man- 
ner by excising VHHMOM from pCMV-VHHMOM. 
To construct pCMV/ETR-VHHNLS-IRES-PIPKRAB, the insert 

sequence encoding HA-VHHNLS-IRES-PIPKRAB was generated by 
PCR amplification of HA-VHHNLS from pCMV-VHHNLS with pri- 
mers  designed  to  add  the  NheI  and  AgeI  enzyme  recognition 
sites at the 50 and 30 ends, respectively. The IRES sequence was 
amplified from pCMV-TetR-IRES-EKRAB  with  primers  designed 
to add the AgeI and AflII enzyme recognition sites at the 50 and 
30 ends, respectively, and the PIPKRAB sequence (69) was ampli- 
fied with primers designed to add the AflII and NotI enzyme rec- 
ognition  sites  at  the  50  and  30  ends,  respectively.  These  three 
insert sequences were then ligated into the pCMV/ETR-iRFP 
backbone,  replacing  irfp,  using  NheI  and  NotI   restriction 
enzymes. 
The  pCMV/PIR-VHHMOM-IRES-EKRAB  plasmid  was  con- 

structed by first replacing the ETR operator sites of pCMV/ETR- 
iRFP with PIR operator sites generated by assembly PCR (69) to 
yield pCMV/PIR-iRFP. The sequence encoding VHHMOM was PCR 
amplified from pCMV-VHHMOM with overlapping  primers 
designed to add a FLAG tag encoding sequence and a KasI en- 
zyme recognition site at the 50 end and the AgeI enzyme recog- 
nition  site  at  the  30  end.  The  IRES-EKRAB  sequence  was  PCR 
amplified from pCMV.TetR-IRES-EKRAB with primers designed 
to add the AgeI and NotI enzyme recognition sites at the 50 and 
30     ends,   respectively.   The   FLAG-VHHMOM   and   IRES-EKRAB 
inserts were then ligated into the pCMV/PIR-iRFP backbone, 
replacing irfp, using KasI and NotI restriction enzymes. 

 
2.2 Cell culture and transfections 

HEK293 cells (ATCC) and HEK293T cells (ATCC) were cultured in 
Dulbecco’s modified eagle medium–/high glucose (DMEM; 
Hyclone) supplemented with 10% fetal bovine serum (FBS; 
GenClone) and 1% penicillin–streptomycin–glutamine (Hyclone) 
and maintained at 37oC and 5% CO2. Cells were passaged using 

phosphate-buffered saline (PBS; Lonza) and trypsin (TrypLE; 
GIBCO Invitrogen). 
Transient transfections were performed by seeding cells 

onto 24-well plates, 12-well plates or 10-cm tissue culture 
dishes. After 24 h, cells were transfected using JetPrime 
(Polyplus transfection) according to manufacturer’s protocol. 
The medium was replaced with fresh medium 8 or 16 h post- 
transfection and cells were replated onto coverslips 48 h post- 
transfection at a density of 18 x 104 cells/ml. Cells were fixed for 
analysis at 72 h post-transfection unless otherwise indicated. 

 
2.3 Lentivirus production and transduction 

Third-generation lentiviruses were generated by seeding 
HEK293T cells onto 10-cm tissue culture dishes at a density of 
10 x 104 cells/ml. Cells were transfected with pSV40-GFP or 
pCMV-TetR-IRES-EKRAB, and the packaging plasmids pMLg/ 
PRRE (Addgene plasmid # 12251), pRSV-Rev (Addgene plasmid # 
12253) and pMD2.g (Addgene plasmid # 12259) in a 2:5:2.5:3 ratio, 
respectively. The medium was replaced with fresh medium 8 h 
post-transfection and the  virus-containing  medium  was  col- 
lected after 48 h. The virus was concentrated using a Lenti-X 
concentrator (Clontech) according to manufacturer’s protocol. 
Cell transductions were conducted by seeding HEK293 cells 

onto 12-well plates at a density of 10 x 104 cells/ml. After 24 h, 
the medium was replaced with medium supplemented with vi- 
rus particles and 8 lg/ml polybrene. The medium supplemented 
with virus was replaced with fresh medium 24 h post- 
transduction. 

 
2.4 Generation of stable cell lines 
To generate the GFP stable cell lines (HEK293/GFP#1, HEK293/ 
GFP#2 and HEK293/GFP#3), HEK293 cells were seeded onto 12-well 
plates and transduced with pSV40-GFP. Cells were transferred into 
10-cm tissue culture dishes 48 h post-transduction and selected 
for 2 weeks using 1 mg/ml geneticin (MilliporeSigma). Cells were 
analyzed with a Nanocellect (Wolf) to sort cells presenting differ- 
ent levels of GFP fluorescence. Sorted cells were seeded onto 96- 
well plates containing DMEM with 20% FBS at a density of 1 cell/ 
well, expanded, and monoclonal cell populations analyzed by 
flow cytometry to select the three cell lines presenting different 
levels of GFP fluorescence used in this study. 
To generate the dual-input stable cell line (HEK293/GFP2R), 

HEK293/GFP#1 cells were seeded onto 12-well plates and trans- 
duced with pCMV-TetR-IRES-EKRAB. Cells were transferred into 
10-cm tissue culture dishes 48 h post-transduction and selected 
for 2 weeks using 500 mg/ml Zeocin (InvivoGen). The selected 
polyclonal population was diluted onto 96-well plates at a con- 
centration of 0.5 cells/well and expanded. Monoclonal popula- 
tions were then screened by transfection with pCMV/ETR-iRFP 
and pCMV/TO-iRFP and treated with Em and tetracycline (Tc). 
The iRFP fluorescence of cells treated with or without inducer 
was measured by flow cytometry. The cell population exhibiting 
the greatest range of iRFP fluorescence intensity upon treatment 
with both Em and Tc was selected for further experiments. 

 
2.5 Flow cytometry analyses 
Cells were analyzed with a FACSCanto II flow cytometer (BD 
Biosciences). GFP fluorescence intensity was detected using a 
488-nm laser and a 530/30-nm emission filter. iRFP fluorescence 
intensity was detected using a 635-nm laser and a 780/60-nm 
emission filter. At least 10 000 cell events were recorded in each 
sample for analysis. 
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2.6 Immunofluorescence for confocal microscopy 

Cells were seeded onto coverslips in a 24-well plate at a density of 
9 x 104 cells. To stain mitochondria and plasma membrane, sam- 
ples were stained with MitoTracker dye (200 nM, ThermoFisher) or 
Membrite dye (Biotium) prior to fixing 24 h post-seeding according 
to the manufacturer’s protocol. Cells were then washed once with 
PBS, fixed with 4% paraformaldehyde (15 min) and permeabilized 
with 0.1% TritonX-100 (7 min). Cells were then washed three times 
with 0.1% Tween-20 in PBS (PBST) and blocked with 8% BSA 
(Calbiochem, 2930) for 1 h. Cells were washed three times with 
PBST and incubated in primary antibody (rabbit anti-HA 
SantaCruz Biotechnology sc-805, 1:250; mouse anti-calnexin, 
ThermoFisher MA3-027, 1:50; mouse anti-PMP70, Novus 
Biologicals NBP2-36770, 1:50) overnight. Cells were then washed 
three times with PBST and incubated with appropriate secondary 
antibodies (goat anti-rabbit DyLight 549 conjugated, Rockland 611- 
142-002, 1:500; goat anti-rabbit DyLight 405 conjugated, Rockland 
611-146-002, 1:200; goat anti-mouse DyLight 549 conjugated, KPL 
072-04-18-06, 1:500) for 2 h. Hoechst 3342 nuclear stain (Thermo 
Fisher Scientific) was added along with secondary antibodies 
where indicated. Coverslips were mounted onto glass slides using 
anti-fade solution (Invitrogen, S36936). Images were obtained with 
a Nikon A-1 confocal microscope (Nikon) and the Nikon NIS 
Element C imaging software. The acquired images were minimally 
processed using ImageJ software to adjust brightness and contrast 
where indicated (70). 

 
2.7 Image analysis 

Analyses of GFP fluorescence intensity in 8-bit images were con- 
ducted using ImageJ. The areas of interest (cell and compart- 
ment) were segmented by establishing a threshold based  on 
pixel intensity in the appropriate color channel for each image. 
The area of interest corresponding to the cell was first seg- 
mented in the color channel showing iRFP fluorescence, and 
then, the area of interest corresponding to the subcellular com- 
partment was further segmented within the cell area of interest 
in the color channel corresponding to the  compartment stain. 
The fluorescence intensity was quantified by calculating the 
mean pixel intensity within the segmented subcellular compart- 
ment area of interest in the color channel showing GFP fluores- 
cence. At least 15 cells per sample were analyzed. ImageJ macros 
are available at https://github.com/SegatoriLab/NanoLoc. 

 
2.8 Statistical analysis 

All data are reported as mean and error bars represent the stan- 
dard error of at least three independent experiments. Statistical 
significance between samples was calculated using an unpaired 
two-tailed Student’s t-test. 

 
3. Results 
3.1 Design of a nanobody-based platform for spatial 
control of GFP 

We aimed to build a platform technology for controlling protein 
subcellular localization that could be adapted to target poten- 
tially any cellular protein to any cellular compartment. As a 
proof-of-principle demonstration, we built a set of GFP-specific 
nanobody (VHH) (71) variants fused to different localization sig- 
nals, namely the mitochondrial outer membrane anchor 
(VHHMOM) (72), the endoplasmic reticulum membrane anchor 
(VHHERM) (73), the peroxisome targeting signal (VHHPEX) (74), the 

plasma membrane anchor (VHHPM) (75) and the nuclear locali- 
zation signal (VHHNLS) (76) (Supplementary Figure S1 and 
Supplementary Table S1). All nanobody variants (VHHLoc) con- 
tained the HA tag for detection. Specifically, the mitochondrial 
outer membrane anchor is a 39 amino acid C-terminal trans- 
membrane segment of the OMP25 protein that mediates protein 
localization to the mitochondrial outer membrane (72, 77); the 
endoplasmic reticulum targeting signal is a C-terminal segment 
of the protein tyrosine phosphate (PTP1B), which contains a sin- 
gle stretch transmembrane domain and undergoes post- 
translational attachment to the ER membrane network (73); the 
peroxisome targeting signal is a C-terminal dodecamer that 
interacts with the tetratricopeptide repeat domain of PEX5 re- 
ceptor and initializes a peroxisomal translocation event via in- 
teraction with the PEX5 proteins (74); the plasma membrane 
anchor consists of a sequence encoding the first 15 amino acids 
of Gnai2 (G Protein Subunit Alpha I2) containing N-myristol and 
S-palmitoyl motifs that mediates protein localization to the 
plasma membrane (75); and the nuclear localization signal is a 
seven-amino-acid sequence derived from the SV40 large T anti- 
gen that promotes the nuclear transport of otherwise cytoplas- 
mic proteins (76). 
To verify that the resulting VHHLoc variants localize cytosolic 

GFP to the corresponding subcellular compartments, we ana- 
lyzed the colocalization of VHHLoc, GFP and the subcellular com- 
partment designated by the localization tag. Specifically, 
HEK293 cells stably expressing GFP (HEK293/GFP#1) were tran- 
siently transfected for the expression of the VHHLoc variants to 
evaluate GFP localization due to the VHHLoc as dictated by the 
localization signal. Cells were analyzed by confocal microscopy 
for the detection of GFP, VHH (anti-HA) and the subcellular com- 
partments, namely the mitochondria (MitoTracker stain), endo- 
plasmic reticulum membrane (anti-CANX), peroxisome (anti- 
PMP70), plasma membrane (MemBrite stain) or nucleus 
(Hoechst stain). Imaging analyses revealed a distinct GFP and 
VHH distribution pattern in cells transfected for the expression 
of each VHHLoc. Specifically, the VHHLoc signal was found to 
colocalize with the subcellular compartment marker, indicating 
that the localization signal controls the VHH subcellular localiza- 
tion (Figure 1, merged compartment-VHH, purple). GFP and 
VHHLoc signals also colocalized, suggesting the formation of the 
GFP-VHH complex (Figure 1, merged GFP-VHH, cyan). Finally, 
colocalization of GFP and the subcellular compartment marker 
indicates that VHHLoc controls GFP localization (Figure 1, merged 
compartment-GFP, yellow). Cells transfected with a control plas- 
mid lacking the gene encoding the nanobody display a diffuse 
GFP signal that does not colocalize with the fluorescent signal of 
any of the compartment markers (Supplementary Figure S2), 
confirming that VHHLoc controls GFP localization to the compart- 
ment designated by the localization signal. 
To test the residence time of GFP within each subcellular 

compartment, we monitored GFP fluorescence over time in cells 
expressing the VHHLoc variants. HEK293/GFP#1 cells stably 
expressing the erythromycin (Em)-dependent transrepressor 
(EKRAB) (68) were transiently transfected for the expression of 
each VHHLoc under the control of the Em-inducible operator and 
treated with Em to induce the expression of VHHLoc (Figure 2A). 
Confocal microscopy analyses were initiated at the time of re- 
moval of Em from the culturing medium. Localization of GFP to 
the ER membrane and plasma membrane decayed rapidly with 
complete loss of localization by 48 and 72 h, respectively. 
Nuclear localization of GFP appeared stable for the first 72 h, fol- 
lowed by a slow decay and complete loss of localization by 
120 h. Peroxisomal and mitochondrial localization presented 
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Figure 1. NanoLoc-mediated control of GFP subcellular localization. Representative confocal microscopy images of HEK293/GFP#1 cells transiently transfected for the 
expression of VHHLoc variants and analyzed 72 h post-transfection. Subcellular compartment (red, column 1); GFP (green, column 2); VHH (blue, anti-HA, column 3); 
colocalization of subcellular compartment and VHH shown in merged images (purple, column 4); colocalization of GFP and VHH shown in merged images (cyan, col- 
umn 5); colocalization of subcellular compartment and GFP shown in merged images (yellow, column 6). Scale bars: 5 mm. Brightness and contrast levels were adjusted 
and images of cells treated the same were subjected to the same adjustment. Pseudo-coloring  was applied to the subcellular  compartment stain and  VHH  images for 
the plasma membrane and the nucleus. 

 
 
similar temporal patterns resulting in the total loss of localiza- 
tion by 144 h (Figure 2B). These results are indicative of a 
compartment-specific localization decay rate, which may be 
due to a multitude of factors including different compartment 
turnover rates and localization mechanisms. 
To test whether GFP can be simultaneously targeted to 

multiple subcellular compartments, HEK293/GFP#1 cells were 
co-transfected  for the expression of two VHHLoc variants fused 
to different localization signals. Expression of a single VHHLoc 
displayed the pattern of GFP fluorescence consistent with GFP 
localization to the designated compartment (Figure 3A). 
Expression of two distinct VHHLoc, however, resulted in a pat- 
tern of GFP fluorescence consistent  with GFP localization in 
two distinct compartments for all combinations of  VHHLoc 
tested (Figure 3B). These results indicate that a cytosolic pro- 
tein can be localized simultaneously to multiple subcellular 
compartments through co-expression  of  the  appropriate 
VHHLoc variants. 

 
To test the extent to which the VHHLoc expression level 

affects GFP localization, we monitored GFP localization within a 
representative subcellular compartment (mitochondria) upon 
modulation of the corresponding VHHLoc variant (VHHMOM) ex- 
pression level. Specifically, HEK293/GFP#1 cells were transiently 
transfected with varying amounts of VHHMOM expressing plasmid 
(10–450 ng) and the extent of colocalization of GFP and 
MitoTracker stain quantified as a function of plasmid amount. 
Transfected cells were selected and analyzed based on expression 
of the transfection control (iRFP). The GFP signal of transfected 
cells was quantified (78). Localization of GFP to the mitochondria 
was found to depend on the VHHMOM expression level until a satu- 
ration point. Specifically, the extent of mitochondria-localized GFP 
in HEK293/GFP#1 cells increased exponentially (20–150 ng of plas- 
mid) until a 16.5-fold maximum compared to cells not expressing 
VHHMOM and plateaued upon transfection with higher amounts of 
VHHMOM expressing plasmid (Figure 4A and Supplementary Figure 
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Figure 2. Residence time of NanoLoc-mediated GFP subcellular localization.  (A) Schematic representation  of the NanoLoc  platform  (left). Expression of VHHLoc is in- 
duced upon the addition of Em, which displaces the Em-dependent transrepressor (EKRAB) from the Em operator (ETR). EKRAB is expressed constitutively. Cells were 
treated with Em for 16 h to induce expression of VHHLoc. Confocal microscopy analyses were initiated at the time of removal  of Em  (t ¼ 0) from the culturing  medium 
(right). (B) Representative confocal microscopy images of HEK293/GFP2R cells transiently transfected for the expression of VHHLoc variants and induced with Em 
(500 ng/ml) 8 h post-transfection. Time-course analyses were initiated at the time of Em removal (t ¼ 0 h) and conducted every  24 h  for  144 h.  Scale  bars:  5 mm. 
Brightness levels were adjusted and images of cells treated the same were subjected to the same adjustment. 

 

S3A). The amount of cytoplasmic GFP was found not to vary dra- 
matically under these conditions. 
To further characterize VHHLoc-mediated localization, we in- 

vestigated the effect of GFP expression level on GFP localization 
by quantifying mitochondria-localized GFP fluorescence in cells 
presenting different GFP expression levels. We used three stable 
HEK293 cell lines expressing different GFP levels, namely 
HEK293/GFP#1 (low), HEK293/GFP#2 (intermediate) and HEK293/ 
GFP#3 (high). Specifically, HEK293/GFP#2 cells displayed a 6.3- 
fold increase in total GFP fluorescence signal compared to 
HEK293/GFP#1 cells and HEK293/GFP#3 cells displayed a 15.4- 
fold increase compared to HEK293/GFP#1 cells (Supplementary 
Figure S3B). These stable GFP-expressing cell lines were tran- 
siently transfected with the amount of VHHMOM expressing 

plasmid (450 ng, Figure 4A) expected to maximize GFP localiza- 
tion. Transfected cells were analyzed by confocal microscopy to 
evaluate the amount of cytoplasmic GFP and the extent of GFP 
localization to the mitochondria (Figure 4B). These analyses 
revealed that GFP localization to the mitochondria depends on 
the total level of GFP. Specifically, mitochondria-localized GFP 
fluorescence of HEK293/GFP#2 and HEK293/GFP#3 cells was 2.8- 
and 6.7-fold compared to that of HEK293/GFP#1 cells reflecting 
the differences in total GFP levels (Figure 4B). 
These results, taken together, demonstrate that the extent 

of localization of a cytosolic target protein to a specific subcellu- 
lar compartment can be tuned using the NanoLoc platform by 
modulating the expression level of the VHHLoc variant relative 
to the expression level of the target protein. 
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Figure 3. NanoLoc-mediated control of GFP subcellular localization upon expression of multiple VHHLoc variants. Representative confocal microscopy images of 
HEK293/GFP#1 cells transiently transfected for the expression of (A) a single VHHLoc variant and (B) two VHHLoc variants using a 1:1 plasmid ratio. Samples were ana- 
lyzed 72 h post-transfection. Scale bars: 5 mm. Brightness levels were adjusted and images of cells treated the same were subjected to the same adjustment. 

 

 
Figure 4. GFP mitochondrial localization as a function of VHHMOM and GFP expression level. (A) Mitochondria-localized and cytosolic GFP fluorescence of HEK293/ 
GFP#1 cells transiently transfected with plasmid expressing VHHMOM (0–450 ng) and analyzed 72 h post-transfection by confocal microscopy. Mitochondria-localized 
GFP fluorescence intensity values were obtained by quantifying the GFP signal that co-localizes with the MitoTracker stain. Data are reported as mean 6 s.e.m. (n ¼ 3, 
P < 0.05, Student’s t-test, n.s. ¼ not significant). Black dots represent biological replicates. (B) Mitochondria-localized and cytosolic GFP fluorescence of stable HEK293 
cell lines presenting low (HEK293/GFP#1), intermediate (HEK293/GFP#2) and high (HEK293/GFP#3) GFP expression levels transiently transfected with plasmid expressing 
VHHMOM (450 ng). Mitochondria-localized GFP fluorescence intensity values were obtained by quantifying  the  GFP signal  that co-localizes with  the MitoTracker  stain. 
Data are reported as mean 6 s.e.m. (n ¼ 3, P < 0.05, Student’s t-test). Black dots represent the biological replicates. 

 
 

To explore the functional effect of VHHLoc-mediated localiza- 
tion, we tested the use of the NanoLoc system to control the 
function of the Tc transactivator (tTA) (79). Because expression 
of a target gene under control of the tTA-inducible promoter 
depends on tTA nuclear localization, we explored the functional 
effect of VHHLoc-mediated localization by monitoring the 

 
expression of a reporter gene upon co-expression of a tTA- 
targeting VHH fused to a nuclear localization signal (VHHNLS). 
VHHLoc-mediated tTA localization was achieved using a tTA 
variant fused to the BC2 tag and a nanobody against the BC2 
peptide tag (65) fused to the nuclear localization signal. VHHLoc- 
mediated tTA localization was compared to tTA nuclear 
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localization achieved through expression of a tTA variant di- 
rectly fused to a nuclear localization signal (80, 81). HEK293 cells 
were transfected with a plasmid encoding GFP under control of 
a cassette comprising 7 Tc operator repeats and the CMV pro- 
moter (79). The resulting cells were transfected with a plasmid 
encoding tTA fused to the BC2 tag (tTA-BC2T) and the BC2 tag- 
specific nanobody fused to the nuclear localization signal 
(VHHBC2T) or with a plasmid encoding tTA fused to the nuclear 
localization signal (tTA-NLS). Cells transfected for the expres- 
sion tTA-NLS presented an 8-fold increase in GFP fluorescence 
compared to control cells lacking tTA (Figure 5). Cells expressing 
tTA fused to the peptide tag (without any means of controlling 
tTA nuclear localization) presented about 50% of the GFP fluo- 
rescence signal detected in cells expressing tTA-NLS. 
Expression of the tag-specific nuclear NanoLoc (VHHBC2T) re- 
stored GFP expression to a level comparable to that obtained in 
cells expressing the tTA-NLS (Figure 5). In addition to demon- 
strating the use of the NanoLoc to control localization- 
dependent protein function, these results also validate the use 
of the NanoLoc for controlling the localization of different types 
of target proteins. 
To investigate whether the extent of target protein subcellu- 

lar localization could be further modulated post-translationally 
by controlling the target protein degradation rate, we combined 
nanobody-mediated modulation of GFP subcellular localization 
and degradation rate. GFP degradation rate was controlled using 
the  previously  developed  NanoDeg  platform  consisting  of 
target-specific nanobody variants fused to a degradation tag 

Co-expression of VHHMOM and VHHODC resulted in a reduction 
in mitochondria-localized GFP fluorescence compared to con- 
trol cells lacking VHHODC, which was proportional to  the 
amount of VHHODC-encoding plasmid (Figure 6A). Localized GFP 
fluorescence was reduced by 66%, 81% and 92% in cells express- 
ing VHHMOM to VHHODC ratios of 1:0.5, 1:2 and 1:3, respectively, 
compared to control cells (Figure 6B), indicating that the GFP 
levels in the compartment specified by the VHHLoc can be con- 
trolled by modulating the expression of VHHDeg. 
To investigate whether GFP subcellular localization could be 

further tuned by modulating the VHHDeg degradation rate, rather 
than its expression level, we tested GFP localization upon expres- 
sion of VHHODC variants presenting different half-lives. We used 
a set of VHHODC variants containing mutations in the ODC tag 
(83) that alter VHHODC half-life (66), namely VHHODC(T15A), 
VHHODC and VHHODC(D12A), which were reported to present half- 
lives of 2.1, 1.3 and 0.9 h, respectively (66). HEK293/GFP#1 cells 
were transiently transfected for the expression of VHHMOM and 
VHHODC(T15A), VHHODC or VHHODC(D12A) and analyzed by confocal 
microscopy to quantify mitochondria-localized GFP fluorescence. 
Imaging analyses revealed a reduction in mitochondria-localized 
GFP fluorescence compared to control cells that was proportional 
to the VHHODC variant half-life. Localized GFP fluorescence was 
reduced by 67%, 80% and 87% in cells expressing VHHODC(T15A), 
VHHODC and VHHODC(D12A), respectively, compared to control cells 
(Figure 6C and D), indicating that GFP levels in the compartment 
specified by the VHHLoc can be controlled by modulating the 
half-life of VHHDeg. 

(VHH  Deg )  (66).  Target  localization  (VHH Loc)  and  degradation 
These  results  support the  development  of an  integrated 

framework based on the NanoLoc and NanoDeg platforms for 
(VHHDeg) were achieved using the same nanobody to ensure 
nanobody binding with the same affinity. HEK293/GFP#1 cells 
were transiently transfected for the expression of VHHMOM and 
varying amounts of a VHHDeg variant containing the 37 amino 
acid carboxy-terminal sequence of ornithine decarboxylase 
(VHHODC) (82). Transfected cells were analyzed by confocal mi- 
croscopy to quantify mitochondria-localized GFP fluorescence. 

 

Figure 5. NanoLoc-mediated control of tTA function. GFP expression in HEK293 
cells expressing GFP under the control of tTA (TRE.GFP) and either tTA-NLS or 
tTA-BC2T and VHHBC2T. Relative GFP fluorescence values were obtained by nor- 
malizing GFP signal to iRFP signal to correct for differences in transfection effi- 
ciency. Data are reported as mean 6 s.e.m. (n ¼ 3, P < 0.01, Student’s t-test, n.s. ¼ 
not significant). Black dots represent biological replicates. 

modulating target protein concentration in specific subcellular 
compartments by tuning nanobody-mediated target localiza- 
tion and nanobody-mediated target degradation. 

 
3.2 Tuning GFP localization by modulating nanobody- 
mediated control of GFP localization and degradation 

To investigate strategies to use the NanoLoc and NanoDeg plat- 
forms for achieving temporal control of the target protein locali- 
zation, we built a system to control the expression of multiple 
VHH variants. As proof-of-principle, we built the simplest con- 
figuration for the transcriptional control of multiple VHH var- 
iants, consisting of a dual-input system in which the expression 
of two VHH variants is regulated by inducible promoters. 
Specifically, we designed a system in which the expression  of 
the two VHH variants is independently controlled by the Tc re- 
pressor (TetR) (84) and Em-dependent transrepressor (EKRAB) 
and can thus be independently regulated using the small- 
molecule inducers Tc and Em, respectively (Figure 7A). To build 
this system, we first transduced HEK293/GFP#1 cells for the ex- 
pression of TetR and EKRAB and generated a stable cell line 
(HEK293/GFP2R) expressing GFP, TetR and EKRAB. Induction of 
gene expression was characterized by transiently transfecting 
HEK293/GFP2R cells for the expression of iRFP under the control 
of either the EKRAB or the TetR operator. Transfected cells were 
treated with the corresponding inducer and analyzed by flow 
cytometry to define the transgene expression levels as a func- 
tion of inducer concentration (Supplementary Figure S4). The 
expression of VHH variants in the dual-input system regulated 
by EKRAB or TetR is expected to be comparable to that of iRFP 
under the same conditions. 
To test whether the extent of target protein localization to 

an extracytosolic compartment can be modulated by controlling 
the   target   degradation   rate   after   induction   of   subcellular 
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Figure 6. Modulation of mitochondria-localized GFP fluorescence via nanobody-mediated GFP degradation. (A and B) Confocal microscopy analyses of HEK293/GFP#1 
cells transiently transfected for the expression of VHHMOM and VHHODC using VHHMOM:VHHODC plasmid mass ratios of 1:0, 1:0.5, 1:2 and 1:3. A filler plasmid lacking vhh 
was used to maintain constant total plasmid mass. Images were analyzed 72 h post-transfection. (A) Representative images of mitochondria-localized GFP fluores- 
cence. Scale bars: 5 mm. Brightness levels were adjusted and images of cells treated the same were subjected to the same adjustment. (B) Average mitochondria-local- 
ized GFP fluorescence. Fluorescence intensity values were obtained by quantifying the GFP signal that co-localizes with the MitoTracker stain. Data are reported as 
mean 6 s.e.m. (n ¼ 3, P < 0.005, Student’s t-test). Black dots represent biological replicates. (C and D) Confocal microscopy analyses of HEK293/GFP#1 cells transiently 
transfected with a plasmid expressing VHHMOM and a plasmid expressing a VHHODC variant (VHHODC(T15A), half-life 2.1 h; VHHODC, half-life 1.3 h; and VHHODC(D12A), half-
life 0.9 h) or lacking vhh in a 1:2 plasmid mass ratio and analyzed 72 h post-transfection. (C) Representative images of mitochondria-localized GFP fluorescence. Scale 
bars: 5 mm. Brightness levels were adjusted and images of cells treated the same were subjected to the same adjustment. (D) Average mitochondria-localized GFP 
fluorescence. Fluorescence intensity values were obtained by quantifying the GFP signal that co-localizes with the MitoTracker stain. Data are reported as mean 6 
s.e.m. (n ¼ 3, P < 0.005, Student’s t-test). Black dots represent biological replicates. 
 
localization, we explored the use of a VHHLoc to first induce tar- 
get subcellular localization followed by the expression of a 
VHHDeg to control target degradation rate (Figure 7A). 
Specifically, we implemented the dual-input system by tran- 
siently transfecting HEK293/GFP2R cells for the expression of 
VHHMOM under control of the Tc-inducible operator and the ex- 
pression of VHHODC under control of the Em-inducible operator. 
Transfected cells were first treated with Tc to induce the ex- 
pression of VHHMOM. The resulting sample presenting localiza- 
tion of GFP to the mitochondria (Figure 7B, left) was cultured in 
the absence of Tc to discontinue the expression of VHHMOM and 
evaluate the residence time of  GFP  in  the  mitochondria 
(Figure 7B, top right). A sample of cells cultured in the absence 
of Tc was also exposed to Em to induce expression of VHHODC 
and evaluate whether VHHODC-mediated degradation results in 
depletion of mitochondrial GFP (Figure 7B, bottom right). 
Confocal microscopy analyses of mitochondria-localized GFP 

fluorescence revealed that cells not exposed to Em and thus not 
expressing VHHODC present minimal decrease in mitochondria- 
localized GFP fluorescence compared to cells analyzed at the 
end of the Tc induction period. Induction of VHHODC via cell 
treatment with Em, on the other hand, resulted in 87% decrease 
in mitochondria-localized GFP fluorescence (Figure 7C). These 
results demonstrate the residence time of a target protein local- 
ized in a subcellular compartment can be modulated by control- 
ling proteasome-mediated degradation of the target protein. 
To test whether the extent of target protein localization to 

distinct extracytosolic compartments can by modulated by con- 
trolling the expression level of the corresponding VHHLoc var- 
iants, we monitored GFP signal in two subcellular compartments 
(mitochondria and nucleus) upon modulation of the expression 
level of two VHHLoc variants (VHHMOM and VHHNLS). Specifically, 
we used the dual-input system to induce expression of VHHMOM 
under the control of the Em-inducible operator and VHHNLS 
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Figure 7. A dual-input expression system for the temporal control of GFP localization. (A) Schematic representation of the dual-input system to control expression of 
two VHH variants. The Tc repressor (TetR) and Em-dependent transrepressor (EKRAB) are constitutively expressed from a single promoter. Expression of VHHMOM is re- 
pressed by TetR binding to the Tc operator (TO) and induced with Tc. Expression of VHHODC is repressed by EKRAB binding to the Em operator (ETR) and induced with 
Em. (B and C) Confocal microscopy analyses of HEK293/GFP2R cells transiently transfected with the dual expression systems described in (A) and cultured in the pres- 
ence of Tc (50 ng/ml) for the first 16 h and then in the presence or absence of Em (500 ng/ml) for an additional 48 h. (B) Representative images of cells at 16 h (Tc treat- 
ment, left) and 64 h (right, Em-free media, top; Em-supplemented media, bottom). Scale bars: 5 mm. Brightness levels were adjusted and images of cells treated the 
same were subjected to the same adjustment. (C) Average mitochondria-localized GFP fluorescence of cells analyzed at 16 h (left of dashed line) and 64 h (right of 
dashed line) post-transfection. Fluorescence intensity values were obtained by quantifying the GFP signal that co-localizes with the MitoTracker stain. Data are 
reported as mean 6 s.e.m. (n ¼ 3, P < 0.01, Student’s t-test). Black dots represent biological replicates. 

 

under the control of the Tc-inducible operator. Cells were treated 
with Em and Tc, separately or in combination, at concentrations 
expected to result in linear changes in target gene expression as 
estimated from iRFP induction analyses (Supplementary Figure 
S4). Localization of GFP to the mitochondria and nuclei was 
assessed using confocal microscopy. Cell treatment with Em 
resulted in an increase in mitochondria-localized GFP fluores- 
cence to a 7.9-fold maximum compared to untreated cells and 
did not affect localization of GFP to the nucleus (Figure 8A). Cell 
treatment with Tc resulted in an increase in nucleus-localized 
GFP fluorescence to a 2.2-fold maximum compared to untreated 
cells and did not affect localization of GFP to the mitochondria 
(Figure 8B). Cells exposed to Em and Tc displayed GFP localization 
to both the nucleus and mitochondria (Figure 8C). The extent of 
GFP colocalization with the nucleus and the mitochondria 
depended on the concentration of Em and Tc and thus on the ex- 
pression level of the compartment-specific VHHLoc variants 
(Figure 8D). These results demonstrate that localization of a tar- 
get protein can be quantitatively tuned between different subcel- 
lular compartments by modulating the expression of the 
appropriate VHHLoc variants. 

 
3.3 Design of genetic toggle switch for spatial control of 
GFP output 

To investigate whether the NanoLoc can be integrated within 
larger genetic networks to control the circuit components spa- 
tially, we built a genetic toggle switch circuit that regulates ex- 
pression of two VHHLoc variants such that the state of the toggle 
switch dictates the expression of each VHHLoc variant and the 
resulting subcellular localization of the target protein. Toggle 
switch topologies in bacteria (85–87) and mammalian cells (69, 
88, 89) are typically based on the function of two transcriptional 
repressors that mutually repress each other. To generate a tog- 
gle switch for the spatial control of GFP localization between 
two subcellular compartments, we modified the classic toggle 
switch configuration (69, 85) to link the expression of two 
VHHLoc variants to that of the two repressors through an 

internal ribosome entry site (IRES) sequence (Figure 9A). 
Specifically, HEK293/GFP#1 cells were transiently transfected for 
the expression of VHHMOM and EKRAB under the control of the 
pristinamycin I (PI)-inducible operator and VHHNLS and PIPKRAB 
under the control of the Em-inducible operator. The same IRES 
was used to link the expression of VHHMOM and VHHNLS to that 
of EKRAB and PIPKRAB to ensure equal ratios of expression. 
Transfected cells were treated with Em and PI and imaged by 
confocal microscopy to quantify GFP localization and verify that 
the state of the toggle switch determines the target’s subcellular 
localization. 
To investigate the use of the spatial toggle switch to shift the 

localization of GFP from the nucleus to the mitochondria, trans- 
fected HEK293/GFP#1 cells expressing the VHHLoc-modified toggle 
switch were treated with pulses of Em and PI. Specifically, cells 
were treated with PI during transfection to initialize the toggle to 
mitochondrial localization by inducing the expression of 
VHHMOM and PIPKRAB. Transfected cells were first treated with 
Em for 48 h to induce the expression of VHHNLS (and EKRAB), 
resulting in the repression of VHHMOM (and PIPKRAB), and then 
with PI for an additional 48 h to induce the expression of 
VHHMOM (and PIPKRAB), resulting in the repression of VHHNLS 
(and EKRAB). Control cells treated continuously with Em or PI to 
maximize the expression of VHHNLS or VHHMOM, respectively, 
provided measurements of maximum localization of GFP to the 
mitochondria (PI treatment, Figure 9B–D solid lines) or the nu- 
cleus (Em treatment, Figure 9B–D, dashed lines) in the system. 
Imaging analyses at the end of the Em treatment (Figure 9B, 48 h) 
showed low mitochondrial localization (left) and high nuclear lo- 
calization (right) and the extent of localization to both the mito- 
chondria and the nucleus was comparable to that observed in 
cells treated continuously with Em. After the switch to PI treat- 
ment (Figure 9B, 96 h), cells displayed high mitochondrial locali- 
zation (left) and low nuclear localization (right) and the extent of 
localization to both the mitochondria and the nucleus was com- 
parable to that observed in cells treated continuously with PI 
(Figure  9B).  These  results  indicate  that  GFP  localization  is 
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Figure 8. Modulation of GFP localization to different subcellular compartment using a dual-input nanobody expression system. (A–D) Mitochondria- and nucleus-local- 
ized GFP fluorescence in HEK293/GFP2R cells transiently transfected for the expression of VHHMOM under control of the Em-inducible operator and VHHNLS under con- 
trol of the Tc-inducible operator, treated with the inducers (Em and Tc) 16 h post-transfection and analyzed after 48 h of induction. (A) GFP fluorescence localized with 
the mitochondria (white bars) and with the nucleus (striped bars) in transfected cells cultured in the presence of Em (0–500 ng/ml) and in the absence of Tc. Relative 
fluorescence values were obtained by normalizing the GFP signal  that co-localizes with the  VHHLoc-specific  compartment to the co-localized GFP signal of untreated 
samples. (B) GFP fluorescence localized with the mitochondria (white bars) and with the nucleus (striped bars) in transfected cells cultured in the presence of Tc (0– 
500 ng/ml) and in the absence of Em. Relative fluorescence values were obtained as  described in (A).  (C) Representative  images of  cells  treated with Tc  and  Em. Scale 
bars: 5 mm. Brightness levels were adjusted and images of cells treated the same were subjected to the same adjustment. (D) GFP fluorescence localized with the mito- 
chondria (white bars) and with the nucleus (striped bars) in transfected cells cultured in the presence of both Em and Tc. Relative fluorescence values were obtained as 
described in (A). All data are reported as mean 6 s.e.m. (n ¼ 3, P < 0.05, Student’s t-test). Black dots represent biological replicates. 

 

switched from a state of predominantly nucleus-localized GFP to 
a state of predominantly mitochondria-localized GFP by switch- 
ing from the expression of VHHNLS to the expression of VHHMOM. 
To demonstrate reversible switching of the toggle, we tested 

the opposite transition from mitochondria-localized GFP to 
nucleus-localized GFP. Cells were transiently transfected for the 
expression of the spatial toggle switch in the presence of Em to 
initialize the toggle to nuclear localization by inducing the ex- 
pression of VHHNLS and EKRAB. Transfected cells were first 
treated with PI for 48 h to induce the expression of VHHMOM 
(and PIPKRAB), resulting in the repression of VHHNLS (and 
EKRAB), and then with Em for an additional 48 h to induce the 
expression of VHHNLS (and EKRAB), resulting in the repression 
of VHHMOM (and PIPKRAB). Confocal microscopy analyses of GFP 
subcellular localization at the end of PI treatment (Figure 9C, 
48 h) showed high mitochondrial localization (left) and low nu- 
clear localization (right). Similar to the previous experiment, the 
extent of localization to both the mitochondria and the nucleus 
was comparable to that observed in cells treated continuously 
with PI. After the switch to Em treatment (Figure 9C, 96 h), cells 
displayed low mitochondrial localization (left) and high nuclear 
localization (right) at levels corresponding to those observed in 
cells treated continuously with Em (Figure 9C), indicating a shift 
from nuclear to mitochondrial localization upon switch of the 
expression of VHHLoc. 

These results (Figure 9B and C), taken together, indicate that 
localization of the target protein can be reversibly switched be- 
tween the mitochondria and the nucleus by switching the state 
of the spatial toggle switch circuit. 
In addition to reversible switching, another key feature of 

the toggle switch topology is bistability of the system (69, 85). 
Bistability is denoted by the presence of two path-dependent 
stable output states for given inputs (i.e. a fixed set of inducer 
concentrations) (90). To demonstrate bistability of the spatial 
toggle switch, we treated cells with two different inducers to 
generate two different initial conditions and then removed the 
inducers to subject cells exposed to different initial conditions 
to a common input condition. We monitored GFP localization to 
determine whether the outputs associated with each initial 
condition remained stable. Specifically, HEK293/GFP#1 cells 
were exposed to a pulse of either PI or EM during transient 
transfection for expression of the spatial toggle switch and then 
incubated without inducer. Confocal microscopy analyses of 
GFP subcellular localization 48 and 96 h after the removal of PI 
(Figure 9D, white bars) showed high mitochondrial localization 
(left) and low nuclear localization (right). The extent of localiza- 
tion to both the mitochondria and the nucleus was again com- 
parable to that observed in cells induced with PI and cultured 
continuously in the presence of PI for 96 h (Figure 9D, solid line). 
Imaging analyses of cells treated with a pulse of Em (Figure 9D, 
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Figure 9. A synthetic toggle switch to control  GFP subcellular localization.  (A) Schematic  representation of the  spatial toggle switch. Expression of VHHMOM  is linked to 
that of EKRAB and expression of VHHNLS is linked to that of PIPKRAB. Expression of VHHMOM and EKRAB is repressed by PIPKRAB binding to the pristinamycin operator 
(PIR) and induced by PI. Expression of VHHNLS and PIPKRAB is repressed by EKRAB binding to the Em operator (ETR) and induced by Em. (B–D) Mitochondria- and nu- 
cleus-localized GFP fluorescence of HEK293/GFP#1 cells transiently transfected with plasmids for expression of the spatial toggle switch described in A and analyzed by 
confocal microscopy. Relative fluorescence values were  obtained by normalizing the GFP signal  that co-localizes with the  VHHLoc-specific  compartment to the  co-local- 
ized GFP signal of untreated samples. (B) Relative localized GFP fluorescence of transfected cells cultured in the presence of PI during transfection to initialize cells to 
VHHMOM and PIPKRAB expression and then treated with Em (500 ng/ml) for the first 48 h, and with PI (500 ng/ml) for the other 48 h. Cells were analyzed at the end of Em 
treatment (48 h) and at the end of the PI treatment (96 h). Control cells were treated continuously with PI (solid line) and Em (dashed line). (C) Relative localized 
GFP fluorescence of transfected cells cultured in the presence of Em during transfection to initialize cells to VHHNLS and EKRAB expression and then treated with PI 
(500 ng/ml) for the first 48 h, and with Em (500 ng/ml) for other 48 h. Cells were analyzed at the end of PI treatment (48 h) and at the end of Em treatment (96 h). Control 
cells were treated continuously with PI (solid line) and Em (dashed line). (D) Relative localized GFP fluorescence of transfected cells cultured in the presence of  PI (white 
bars) or of Em (striped bars) during transfection (16 h) and then in inducer-free medium (untreated, UT) for 96 h. Cells were analyzed 48 and 96 h after removal of the in- 
ducer. Control cells were treated continuously with PI (solid line) and Em  (dashed line).  All data are  reported as mean  6 s.e.m. (n ¼ 3, P < 0.05,  Student’s t-test).  Black 
dots represent biological replicates. 

 

striped bars) displayed low mitochondrial localization (left) and 
high nuclear localization (right) at levels comparable to those ob- 
served in cells treated continuously with Em (dashed line). The GFP 
localization levels achieved upon cell exposure to a pulse of inducer 
were maintained for 96 h post-induction, indicating the spatial tog- 
gle switch displays bistable localization to either the mitochondria 
or the nucleus depending on the initial conditions of the circuit. 
These results indicate that the NanoLoc platform can be in- 

tegrated with a genetic circuit to exert spatial control over the 
outputs through appropriate design of the circuit topology, thus 
providing an additional mode for control for the design of syn- 
thetic gene networks. 

 
4. Discussion 
Strategies for user-defined control of protein subcellular locali- 
zation allow investigating the role of protein localization in a 

variety of cellular function (15, 17, 24, 91), including mecha- 
nisms that mediate the cellular response to external stimuli 
(17–19, 22). An array of intrinsic localization signals that dictate 
the subcellular address of proteins has been characterized (13). 
Fusion of localization signals to target proteins enables protein 
relocation to the desired subcellular compartment (51) but 
requires genetic manipulation of the target protein, which may 
affect the protein’s native function independently of localiza- 
tion (52). Most importantly, direct fusion of target proteins to lo- 
calization signals does not allow modulating the extent of 
target localization to the desired subcellular compartment. 
Interacting protein domains have also been employed to engi- 
neer inducible localization systems in which the target and a 
compartment-specific protein are fused to interacting partners 
(40, 41, 50, 56–61). While providing an opportunity for tunable 
and reversible control of protein localization, these systems de- 
pend largely on the choice of binding partner and often require 
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extensive development and re-engineering for customization to 
other target proteins. Regulating target localization through the 
use of target-specific recognition molecules functionalized with 
localization signals enables spatial control of the resulting com- 
plex without the need for target manipulation (63, 64, 92, 93). 
Nanobody-mediated localization has enabled a number of fun- 
damental studies, including investigations of the role of fascin 
and cortactin in invadopodium formation (64) and the role of 
survivin localization during mitosis (63). These methods, how- 
ever, do not provide tunable control over the extent of target lo- 
calization and typically result in irreversible localization. The 
potential of these strategies for the development of a universal, 
plug-and-play technology for reversible control of target locali- 
zation that can be adapted to any cellular protein and used to 
direct localization to different subcellular compartments 
remains uncharacterized. 
In this study, we addressed the need for a technology for 

controlling localization of cellular proteins with multi- 
compartment specificity, tunable control over the localized 
target concentration, and dynamic control over the target resi- 
dence time. We developed a modular system (NanoLoc) based 
on nanobodies, which are the smallest antigen recognition do- 
main and bind to cellular targets with high specificity and selec- 
tivity (94–96), and a comprehensive series of localization signal 
sequences, which when fused to the target-specific nanobody 
determine localization of the nanobody-target protein complex. 
Nanobodies are readily obtained from immunized Camelids 
(97–102) and can be evolved (103–108) or engineered (109) to tar- 
get a seemingly unlimited number of sequences using display 
technologies commonly employed to evolve mammalian anti- 
bodies. The small size and stability of nanobodies allows for 
easy expression (110, 111) and excellent tissue penetration 
(112). The NanoLoc platform can be adapted to achieve control 
of a target protein of interest through the use of a target-specific 
nanobody. We thus envision that this platform could be cus- 
tomized to target virtually any cellular protein sequence, as 
well as protein conformation (113–115) and post-translational 
modification (113, 116). While possibly not generalizable to 
some classes of target proteins for which stability and function 
is typically contingent upon interaction with cellular structures 
such as membranes, this approach is expected to present great 
potential for controlling the function of soluble proteins. It is 
also important to note that, the extent of localization of the tar- 
get protein using the NanoLoc platform may vary depending on 
the cellular context due to cell type specific variability (117). 
Customization of the nanobody-based platform developed 

in this study with respect to the localization determining se- 
quence allows user-defined control of target localization to po- 
tentially any subcellular compartment (13). The choice of 
localization signal also determines the target residence time 
within the signal-specific compartment. The molecular mecha- 
nisms determining the target residence time within the signal- 
specific compartments remains uncharacterized. Understanding 
the response kinetics of the VHHLoc variants would inform the 
design of NanoLoc systems with superior control over the kinet- 
ics of target subcellular localization. The reversible nature of the 
VHHLoc-induced perturbation allows minimizing irreversible 
downstream effects and exposing phenotypic changes that de- 
pend on the duration of the perturbation. Such localization- 
based perturbation (40) may thus prove useful in elucidating 
mechanisms regulating cell signaling (118, 119) and viral infec- 
tions (92, 120, 121). The NanoLoc platform could also be used to 
investigate the effect of aberrant localization of disease-related 
proteins (39, 122, 123). Finally, the NanoLoc platform could 

provide a useful tool to control localization of multiple cellular 
proteins simultaneously; such applications would require opti- 
mization of the target-specific nanobody expression levels to ac- 
count for differences in nanobody-target binding affinities. 
We demonstrated  that  our  nanobody-based  system  can 

achieve spatial and temporal control over a target protein by 
combining nanobody-mediated localization (NanoLoc) and deg- 
radation (NanoDeg) technologies with transcriptional regula- 
tion. Small-molecule inducible promoters were used to drive 
orthogonal expression of VHHLoc and VHHDeg variants in a dual- 
input system, thereby tuning the duration of localization and 
the localized concentration of a target protein in multiple sub- 
cellular compartments. The NanoLoc system could also be ex- 
panded to localize multiple proteins to a single subcellular 
compartment by combining distinct VHHLoc variants custom- 
ized to recognize multiple targets. Developing the NanoLoc plat- 
form to control multiple targets in a distinct cellular 
compartment could open the way to a variety of metabolic engi- 
neering applications as it provides a powerful approach to regu- 
late metabolite fluxes by controlling the local concentration of 
key reaction components (44, 124). 
Finally, we  demonstrated  the  use  of  the  GFP-specific 

NanoLoc as a modular unit for synthetic genetic circuits that 
allows spatial control of the circuit’s reporter protein. Synthetic 
mammalian gene networks are typically designed to regulate 
the concentration of a single reporter protein (125). By contrast, 
the NanoLoc enables regulation of both location and local con- 
centration of the reporter protein, thereby broadening the cell 
engineering potential of synthetic gene networks. We inte- 
grated VHHLoc variants within a transcriptional toggle switch 
configuration and demonstrated reversible localization of a tar- 
get protein that depends on the state of the toggle switch. We 
anticipate that this strategy for spatial control of genetic circuit 
outputs will provide a useful method for orthogonal regulation 
of spatially constrained reactions using synthetic circuits that 
can reversibly locate a key reaction component (25) in response 
to the state of the genetic circuit. 
In summary, the NanoLoc system provides an innovative 

technology for spatial and temporal control of protein concen- 
tration in mammalian cells that can be customized for control- 
ling the localization of target cellular proteins and integrated 
within more complex transcription-based circuitries to diversify 
the functionality of synthetic gene circuits. 
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21. Ó lafsson,G. and Thorpe,P.H. (2016) Synthetic physical inter- 
actions map kinetochore-checkpoint activation regions. G3, 
6, 2531–2542. 

22. Takano,A., Usui,I., Haruta,T., Kawahara,J., Uno,T., Iwata,M. 
and Kobayashi,M. (2001) Mammalian target of rapamycin 
pathway regulates insulin signaling via subcellular redistri- 
bution of insulin receptor substrate 1 and integrates nutri- 
tional signals and metabolic signals of insulin. Mol. Cell. Biol., 
21, 5050–5062. 

23. Kamatkar,S., Radha,V., Nambirajan,S., Reddy,R.S. and 
Swarup,G. (1996) Two splice variants of a tyrosine phospha- 
tase differ in substrate specificity, DNA binding, and subcel- 
lular location. J. Biol. Chem., 271, 26755–26761. 

24. Jagnandan,D., Sessa,W.C. and Fulton,D. (2005) Intracellular 
location  regulates   calcium-calmodulin-dependent   activa- 
tion of organelle-restricted eNOS. Am. J. Physiol. Cell Physiol., 
289, C1024–C1033. [10.1152/ajpcell.00162.2005] 

25. Hao,N., Budnik,B.A., Gunawardena,J. and O’Shea,E.K. (2013) 
Tunable signal processing through modular control of tran- 
scription factor translocation. Science, 339, 460–464. 

26. Jeong,S.Y. and Seol,D.W. (2008) The role of mitochondria in 
apoptosis. J. Biochem. Mol. Biol., 41, 011–022. 

27. Grant,B.D. and Donaldson,J.G. (2009) Pathways and mecha- 
nisms of endocytic recycling. Nat. Rev. Mol. Cell Biol., 10, 
597–608. [10.1038/nrm2755] 

28. Ryu,J. and Park,S.H. (2015) Simple synthetic protein scaffolds 
can create adjustable artificial MAPK circuits in yeast and 
mammalian cells. Sci. Signal., 8, ra66. 

29. Agapakis,C.M., Boyle,P.M. and Silver,P.A. (2012) Natural 
strategies for the spatial optimization of metabolism in syn- 
thetic biology. Nat. Chem. Biol., 8, 527–535. 
[10.1038/nchembio.975] 

30. Chatterjee,G., Dalchau,N., Muscat,R.A., Phillips,A. and 
Seelig,G. (2017) A spatially localized architecture for fast and 
modular DNA computing. Nat. Nanotechnol., 12, 920–927. 
[10.1038/nnano.2017.127] 

31. Yogurtcu,O.N. and Johnson,M.E. (2018) Cytosolic  proteins 
can exploit membrane localization to trigger functional as- 
sembly. PLoS Comput. Biol., 14, 1–28. 
[10.1371/journal.pcbi.1006031] 

32. Myhrvold,C., Polka,J.K. and Silver,P.A. (2016) Synthetic 
lipid-containing scaffolds enhance production  by  colocaliz- 
ing enzymes. ACS Synth. Biol., 5, 1396–1403. 

33. Bassell,G.J. and Kelic,S. (2004) Binding proteins for mRNA lo- 
calization and local translation, and their dysfunction in ge- 
netic neurological disease. Curr. Opin. Neurobiol., 14, 574–581. 
[10.1016/j.conb.2004.08.010] 

34. Wang,W., Van Niekerk,E., Willis,D.E. and Twiss,J.L. (2007) 
RNA transport and localized  protein  synthesis in neurologi- 
cal disorders and neural repair. Dev. Neurobiol., 67, 1166–
1182. [10.1002/dneu.20511] 

35. Kowall,N.W. and Kosik,K.S. (1987) Axonal disruption and ab- 
errant localization of tau protein characterize the neuropil 
pathology of Alzheimer’s disease. Ann. Neurol., 22, 639–643. 
[10.1002/ana.410220514] 

36. Calvo,S., Jain,M., Xie,X., Sheth,S.A., Chang,B., 
Goldberger,O.A., Spinazzola,A., Zeviani,M., Carr,S.A. and 
Mootha,V.K. (2006) Systematic identification of human mi- 
tochondrial  disease  genes  through  integrative   genomics. 
Nat. Genet., 46, 248–255. [10.1038/ng1776] 

D
ow
nloaded from

 https://academ
ic.oup.com

/synbio/article/6/1/ysab002/6126376  by R
ice U

niversity user  on  09  July  2021 



B. Jayanthi et al.  |   15 
 

 
37. Lee,D.S., Park,J., Kay,K.A., Christakis,N.A., Oltvai,Z.N. and 

Barabási,A.L.  (2008)  The  implications  of  human  metabolic 
network topology for disease comorbidity. Proc. Natl. Acad. 
Sci. USA, 105, 9880–9885. [10.1073/pnas.0802208105] 

38. Wang,X. and Li,S. (2014) Protein mislocalization: mecha- 
nisms, functions and clinical applications in cancer. Biochim. 
Biophys. Acta Rev. Cancer, 1846, 13–25. [10.1016/j.bbcan.2014. 
03.006] 

39. Hung,M.C. and Link,W. (2011) Protein localization in disease 
and therapy. J. Cell Sci., 124, 3381–3392. [10.1242/jcs.089110] 

40. Robinson,M.S., Sahlender,D.A. and Foster,S.D. (2010) Rapid 
inactivation of proteins by rapamycin-induced rerouting to 
mitochondria. Dev. Cell, 18, 324–331. 

41. Umeda,N., Ueno,T., Pohlmeyer,C., Nagano,T. and Inoue,T. 
(2011) A photocleavable rapamycin conjugate for spatiotem- 
poral control of small GTPase activity. J. Am. Chem. Soc., 133, 
12–14. 

42. Toby,G.G. and Golemis,E.A. (2001) Targeting proteins to spe- 
cific cellular compartments to optimize physiological activ- 
ity. Methods Enzymol., 332, 77–87. 

43. Yadav,V.G., De Mey,M., Giaw Lim,C., Kumaran Ajikumar,P. 
and Stephanopoulos,G. (2012) The future of metabolic engi- 
neering and synthetic biology: towards a systematic prac- 
tice. Metab. Eng., 14, 233–241. 

44. Lee,H., DeLoache,W.C. and Dueber,J.E. (2012) Spatial organi- 
zation of enzymes for metabolic engineering. Metab. Eng., 14, 
242–251. 

45. Prelich,G. (2012) Gene overexpression:  uses,  mechanisms, 
and interpretation. Genetics, 190, 841–854. 

46. Blackstock,W.P. and Weir,M.P. (1999) Proteomics: quantita- 
tive and physical mapping of cellular proteins. Trends 
Biotechnol., 17, 121–127. [10.1016/S0167-7799(98)01245-1] 

47. Kim,H. and Kim,J.S. (2014) A guide to genome engineering 
with programmable nucleases. Nat. Rev. Genet., 15, 321–334. 

48. Bashor,C.J., Horwitz,A.A., Peisajovich,S.G. and Lim,W.A. 
(2010) Rewiring cells: synthetic biology as a tool to interro- 
gate the organizational principles of living systems. Annu. 
Rev. Biophys., 39, 515–537. 

49. Olson,E.J. and Tabor,J.J. (2012) Post-translational tools ex- 
pand the scope of synthetic biology. Curr. Opin. Chem. Biol., 
16, 300–306. 

50. Harmansa,S., Alborelli,I., Bieli,D., Caussinus,E. and 
Affolter,M. (2017) A nanobody-based toolset to investigate 
the role of protein localization and dispersal in Drosophila. 
eLife, 6, 1–22. 

51. Goedhart,J., Von Stetten,D., Noirclerc-Savoye,M., 
Lelimousin,M., Joosen,L., Hink,M.A., Van Weeren,L., 
Gadella,T.W.J. and Royant,A. (2012) Structure-guided evolu- 
tion of cyan  fluorescent  proteins  towards  a  quantum  yield 
of 93%. Nat. Commun., 3, 1–9. [10.1038/ncomms1738] 

52. Campbell,A,E. and Bennett,D. (2016) Targeting protein func- 
tion: the expanding toolkit  for  conditional  disruption. 
Biochem. J., 473, 2573–2589. [10.1042/BCJ20160240] 

53. Hosein,R.E., Williams,S.A., Haye,K. and Gavin,R.H. (2003) 
Expression of GFP-actin leads to failure of nuclear  elonga- 
tion and cytokinesis  in  Tetrahymena  thermophila.  J. 
Eukaryot. Microbiol., 50, 403–408. [10.1111/j.1550-7408.2003. 
tb00261.x] 

54. Nelson,M. and Silver,P. (1989) Context affects nuclear pro- 
tein localization in Saccharomyces cerevisiae. Mol. Cell. Biol., 
9, 384–389. 

55. Douglas,M.G., McCammon,M.T. and Vassarotti,A. (1986) 
Targeting proteins into mitochondria. Microbiol. Rev., 50, 
166–178. 

56. Putyrski,M. and Schultz,C. (2012) Protein translocation as a 
tool: the current rapamycin story. FEBS Lett., 586, 2097–2105. 
[10.1016/j.febslet.2012.04.061] 

57. Brown,K.A., Zou,Y., Shirvanyants,D., Zhang,J., Samanta,S., 
Mantravadi,P.K., Dokholyan,N.V. and Deiters,A. (2015) 
Light-cleavable rapamycin dimer as an optical trigger for 
protein dimerization. Chem. Commun., 51, 5702–5705. 

58. Geda,P., Patury,S., Ma,J., Bharucha,N., Dobry,C.J., 
Lawson,S.K., Gestwicki,J.E. and Kumar,A. (2008) A small 
molecule-directed approach to  control  protein  localization 
and function. Yeast, 25, 577–594. 

59. Toettcher,J.E., Gong,D., Lim,W.A. and Weiner,O.D. (2011) 
Light control of plasma membrane recruitment using the Phy-
PIF system. Methods Enzymol., 497, 409–423. [10.1016/B978-
0-12-385075-100017-2] 

60. Buckley,C.E., Moore,R.E., Reade,A., Goldberg,A.R., 
Weiner,O.D. and Clarke,J.D.W. (2016) Reversible optogenetic 
control of subcellular protein localization in a live vertebrate 
embryo. Dev. Cell, 36, 117–126. [10.1016/j.devcel.2015.12.011] 

61. Adrian,M., Nijenhuis,W., Hoogstraaten,R.I., Willems,J. and 
Kapitein,L.C. (2017) A phytochrome-derived photoswitch for 
intracellular transport. ACS Synth. Biol., 6, 1248–1256. 

62. Van Audenhove,I., Van Impe,K., Ruano-Gallego,D., De 
Clercq,S., De Muynck,K., Vanloo,B., Verstraete,H., 
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