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A primary cilium is an antenna-like organelle protruding from 
the apical surface of most cells in a wide variety of organisms1. 
Primary cilia regulate several signaling systems such as pho-

totransduction, olfaction and developmental pathways2. To achieve 
these functions, primary cilia accumulate a specific set of biomole-
cules, including membrane receptors and their downstream soluble 
effectors. As biosynthetic machinery is not present in primary cilia3, 
these biomolecules must be transported into primary cilia from the 
cell body. Thus, understanding protein transport across the physical 
separation between the site of protein synthesis (the cell body) and 
the site of protein function (the cilium) is of fundamental impor-
tance in the field of ciliary biology and cilia-based diseases4.

The trafficking of membrane proteins into primary cilia has 
been intensively studied5–7. At the ciliary neck, there is a diffusion 
barrier regulated by Septin2 and other proteins that limit free lat-
eral diffusion of membrane proteins from the contiguous plasma 
membrane5,7. This defining feature maintains a distinct composition 
of lipids and membrane proteins inside primary cilia4. Although the 
soluble environment in the ciliary lumen is specialized as well, the 
mechanisms that regulate the transport of soluble molecules into or 
out of primary cilia remain poorly understood.

The transport of soluble molecules between the cytosol and the 
ciliary lumen has been most rigorously examined in rod photore-
ceptor cells, which have a connecting cilium that provides a conduit 
between the cell body and the outer segment8. The massive vectorial 
transport of arrestin, a soluble protein, across the connecting cil-
ium into the outer segment was shown to occur by simple diffusion 
driven by a concentration gradient generated when photons expose 
arrestin-binding sites on rhodopsin, which is highly concentrated in 
the outer segment9. In this system, monomers, dimers and trimers 
of GFP freely diffuse across the connecting cilium, suggesting that 
there is no fixed pore that limits the diffusion of soluble proteins of 
at least up to 80 kDa10.

In contrast to these studies of photoreceptor cilia, a recent study 
proposed that molecules above 67 kDa are excluded from primary 

cilia in epithelial cells by a fixed pore at the ciliary base that has simi-
lar properties and molecular composition to the nuclear pore com-
plex (NPC)11. In this study, the kinetics of accumulation in cilia was 
not directly monitored; instead, the ratio of fluorescence between the 
cilium and the cytosol at a given time point after microinjection of a 
labeled tracer was measured. Because diffusion is a kinetic process, 
such end-point assays cannot distinguish between differences in the 
rate of diffusion and differences in the propensity of molecules to 
occupy the cytoplasm and the cilium. A notable example of this is 
found in dark-adapted photoreceptors, where arrestin is excluded 
from the outer segment because of molecular crowding effects and 
not because its diffusion is restricted across the connecting cilium10.

These considerations and the divergent conclusions reached by 
studies in rods and cultured cells prompted us to use chemically 
inducible dimerization to visualize ciliary diffusion in living cells. 
Our technique bypasses the need for perturbations such as microin-
jection or detergent permeabilization, which are commonly used to 
introduce diffusion probes into cells. With both high sensitivity and 
fine temporal resolution, we explored the ciliary diffusion barrier 
faced by soluble cytoplasmic proteins ranging in Stokes radius (Rs) 
from 3.2 nm to 7.9 nm (molecular weight 40–650 kDa). Although 
the rate of ciliary influx of this series of probes was strongly depen-
dent on their size, the ciliary diffusion barrier allowed the entry 
of soluble proteins with an Rs as large as 7.9 nm. Our kinetic data, 
obtained using a large series of diffusion probes, were most con-
sistent with a sieve-like barrier at cilia whose mesh radius is larger 
than 7.9 nm. The present study highlights a powerful technique that 
enables quantitative characterization of the ciliary diffusion barrier 
for soluble proteins and substantially revises our physical model of 
this barrier.

RESULTS
Trapping soluble proteins inside cilia of live cells
The measurement of diffusion between two compartments requires 
the presence of a concentration gradient. We begin by describing 
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a new technique for generating such a gradient between the cyto-
plasm and the cilium by using a high-affinity interaction to trap 
soluble proteins that diffuse into primary cilia. The gradient in this 
approach is conceptually identical to the arrestin gradient generated 
across the photoreceptor connecting cilium when light generates 
arrestin-binding sites on rhodopsin in the outer segment8. The basis 
of our technology is chemically inducible dimerization12, where a 
chemical dimerizer such as rapamycin induces the dimerization 
of FK506 binding protein (FKBP) and FKBP-rapamycin binding 
domain (FRB) (Fig. 1a). By localizing the FRB partner protein in 
cilia, we hypothesized that rapamycin addition could be used to trap 
any FKBP fusion protein that diffused into cilia, thus generating a 
sink that would set up a concentration gradient of the FKBP fusion 
protein across the putative ciliary diffusion barrier.

We used 5-hydroxytryptamine receptor 6 (5HT6)13 to target a 
fusion protein of CFP and FRB to the ciliary membrane (Fig. 1a). 
Immunofluorescence images confirmed that the resulting fusion 
protein, 5HT6-CFP-FRB, was highly enriched in primary cilia 
(Supplementary Results, Supplementary Fig. 1). When we trans-
fected NIH3T3 cells together with 5HT6-CFP-FRB and YFP-tagged 
FKBP (YFP-FKBP), the former was highly enriched in cilia, and the 
latter was distributed throughout the cytoplasm (Fig. 1b). Addition of  

rapamycin for 5 min led to a marked increase in YFP fluorescence 
in primary cilia (Fig. 1b). Time-lapse, dual-color fluorescence 
imaging revealed the spatial dynamics and kinetics of the process 
(Supplementary Video 1). More specifically, a time series of YFP 
fluorescence in primary cilia and line scan analysis demonstrated 
that YFP-FKBP gradually accumulated in cilia from the base to 
the tip until saturation was reached, presumably because all of the 
5HT6-CFP-FRB binding sites were occupied, and thus the concen-
tration gradient was abolished (Fig. 1c,d). Lateral diffusion of YFP-
FKBP, 5HT6-CFP-FRB and rapamycin complexes within the cilia 
membrane could also contribute to the spatial temporal evolution of 
the YFP fluorescence profiles. The time required for half-maximal 
accumulation in cilia (t1/2) for YFP-FKBP was 57 ± 5 s (Fig. 1e). To 
rule out the possibility that our results were cell type–specific, we 
tested the influx assay in another cell type, IMCD3, commonly used 
as a model in cilia biology. No significant difference was found in 
the influx rate of YFP-FKBP into primary cilia between NIH3T3 
and IMCD3 cells (P = 0.749, 57 ± 5 s and 68 ± 32 s, respectively; 
Supplementary Fig. 2).

Several control experiments were performed to establish that 
YFP-FKBP accumulation was caused by the trapping of YFP-FKBP 
that diffused into cilia. During the experimental time period, we did 
not observe an increase in the amount of 5HT6-CFP-FRB bait in 
primary cilia (Supplementary Fig. 3). Second, trapping required a 
freely diffusing form of YFP-FKBP because a variant of YFP-FKBP 
anchored to the cytoplasmic face of the endoplasmic reticulum 
(YFP-FKBP-Cb5) by a single transmembrane domain could not be 
recruited to cilia by rapamycin14 (Supplementary Fig. 4). Finally, we 
sought to exclude the possibility that the observed accumulation of 
YFP-FKBP was not due to trapping within cilia but rather due to the 
transport of complexes between 5HT6-CFP-FRB, YFP-FKBP and 
rapamycin that formed outside cilia. Previous reports have shown 
that the diffusion of 5HT6 across the ciliary membrane protein bar-
rier is slow (hours)7 compared to our assay timescale (minutes). 
We confirmed the kinetics of 5HT6 by performing a fluorescence 
recovery after photobleaching (FRAP) assay. 5HT6-GFP and 5HT6-
GFP-FRB fluorescence did not recover inside primary cilia for  
90 min after photobleaching (Supplementary Fig. 5), suggesting 
that there was negligible flux of new 5HT6-GFP-FRB molecules 
into the cilium during our experiments.

Taken together, these studies indicate that the addition of rapamy-
cin produces a diffusion trap in primary cilia, acutely generating a 
concentration gradient that can be used to follow the diffusion of 
any protein fused to YFP-FKBP.

Orthogonal dimerizer systems for ciliary trapping
We also constructed a ciliary diffusion trap using an orthogonal 
chemical dimerizer system that uses a gibberellin analog (GA3-AM) 
and two completely different protein domains15 instead of FRB and 
FKBP. Upon addition of GA3-AM, YFP-labeled GIBBERELLIN 
INSENSITIVE DWARF1 (YFP-GID1) accumulated in primary cilia 
carrying 5HT6 fused to the N-terminal 92 residues of Gibberellin 
insensitive (5HT6-GAI(S)) (Supplementary Fig. 6). The influx 
rate of YFP-GID1 into primary cilia was roughly three times slower 
than that of YFP-FKBP (185 ± 29 s versus 57 ± 4.6 s). This differ-
ence could be due to the larger size of YFP-GID1 (616 residues) 
compared to YFP-FKBP (392 residues), differences in the perme-
ability of the chemical dimerizers or dimerization affinity. These 
results suggest that the FKBP-FRB and GID1-GAI(S) systems can 
be used together in cells to induce two separate dimerization-driven 
 signaling manipulations.

Probing the diffusion barrier of primary cilia
We performed ciliary trapping experiments using YFP-FKBP pro-
teins that were fused to a series of diffusion probe proteins whose 
native molecular weights ranged from 40 kDa to 650 kDa (Table 1). 
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Figure 1 | chemically inducible diffusion trap of soluble proteins inside 
primary cilia. (a) Schematic diagram of ciliary influx of cytosolic YFp-FKbp 
proteins using a chemically induced dimerization system. Available cytosolic 
YFp-FKbp in primary cilia can be trapped by rapamycin (Rapa) to a primary 
cilia membrane marker, 5Ht6-cFp-FRb. (b) Fluorescence image of niH3t3 
cells expressing 5Ht6-cFp-FRb (cyan) and YFp-FKbp (yellow) before and 
5 min after addition of 100 nM rapamycin, which induced accumulation 
of YFp-FKbp in the 5Ht6-cFp-FRb–labeled primary cilia. insets (enlarged 
views of the boxed regions) show cilia visualized as overlays of the color 
channels. Scale bars, 10 μm. (c) video frames illustrating the translocation 
of YFp-FKbp into 5Ht6-cFp-FRb–labeled primary cilia before and after 
addition of 100 nM rapamycin. the arrowhead indicates the base of the 
cilia. Scale bars, 3 μm. (d) A line-scan analysis of the YFp signal intensity 
along the primary cilia after addition of 100 nM rapamycin for the indicated 
time. the cilium is indicated horizontally, with its tip on the right (n = 3 cells 
from three independent experiments). (e) time course of YFp fluorescence 
intensity in primary cilia of the cells treated with 100 nM rapamycin (blue) 
or 0.1% dMSo (red). error bars represent s.e.m. (n = 16 cells from three 
independent experiments).
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These test proteins were chosen according to the  following 
 criteria: (i) uniform distribution in the cytosol (Supplementary 
Fig. 7), (ii) lack of effect on the localization of 5HT6-CFP-FRB 
(Supplementary Fig. 7) and (iii) lack of effect on the length of cilia 
(Supplementary Fig. 8). To determine the Rs of these proteins, we 
fractionated extracts made from cells overexpressing each YFP-
tagged protein by gel filtration chromatography and calculated the 
Rs of each protein using a set of standards (Supplementary Fig. 9). 
The YFP-FKBP fusion proteins varied in size between 32 Å and 
79 Å (Table 1). Of note, YFP-FKBP fusion proteins of full-length 
β-galactosidase (YFP-FKBP–β-Gal) and its N-terminally trun-
cated variant (YFP-FKBP–ΔN β-Gal) formed a tetramer (Rs: 79 Å)  
and dimer (Rs: 62 Å), respectively, as described previously16,17.  
We measured the rate at which these proteins accumulated in pri-
mary cilia after the addition of rapamycin. Our results indicated a 
decrease in accumulation rates as protein size increased (Fig. 2a 
and Supplementary Fig. 7). A single exponential curve fit the data 
(R2 = 0.85), suggesting the existence of a diffusion barrier that is 
dependent on protein size (Fig. 2a). Figure 2b illustrates repre-
sentative fluorescence images of the ciliary accumulation of three 
proteins (YFP-FKBP, YFP-FKBP-luciferase and YFP-FKBP–β-Gal) 
after rapamycin addition.

One concern in the above experiment was that we were detect-
ing the translocation of smaller degradation products of the 
probe proteins and not the full-length proteins. To address this 
possibility, we constructed two additional fusion proteins, YFP- 
luciferase-FKBP and YFP–β-Gal–FKBP, in which the YFP used 
for detection by fluorescence microscopy was separated from the 
FKBP used for dimerization by the probe protein. In this arrange-
ment, any degradation product would separate the YFP from the 
FKBP, rendering it undetectable. Only the full-length protein would 
carry both domains and thus be detected in our assays. There was  
no significant difference in the accumulation rate between YFP-
luciferase-FKBP and YFP-FKBP-luciferase (P = 0.85, 229 ± 100 s 
versus 197 ± 83 s) or between YFP–β-Gal–FKBP and YFP-FKBP– 
β-Gal (P = 0.65, 813 ± 171 s versus 997 ± 334 s) (Fig. 2a), strongly 
suggesting that the observed accumulation rates reflect those of 
full-length proteins. Table 1 summarizes the accumulation rates 
together with other size-related parameters. We also investigated 
whether the chemical dimerizers themselves could affect primary 
cilia function. The addition of rapamycin or GA3-AM alone did not 
affect cilia length after 1 h (Supplementary Fig. 10). This result 
indicates that nonspecific effects on cilia due to the addition of 

chemical dimerizers are unlikely to occur over the timescale of our 
diffusion assays, which were typically complete within 30 min.

The plasma membrane does not exhibit a diffusion barrier
The Stokes-Einstein diffusion equation predicts a linear relationship 
between diffusion coefficients and the inverse of the Stokes radii 
(Rs

−1) for freely diffusing molecules without any barrier. This was 
exactly what was observed when rapamycin was used to trap YFP-
FKBP fusion proteins at the plasma membrane where a membrane-
anchored FRB was expressed (Fig. 2a and Supplementary Fig. 11). 
The kinetics of plasma membrane recruitment of our diffusion 
probes is consistent with the previous observation that diffusion 
of macromolecules in the cytoplasm is unhindered by barriers18. 
The difference in size dependency on accumulation kinetics (lin-
ear for recruitment to the plasma membrane but exponential for 
recruitment to the cilium) strongly supports the existence of a size- 
dependent barrier at primary cilia.

Localization of diffusion-limiting components in cilia
Our kinetic data supported the notion of hindered diffusion into 
primary cilia, but it was not apparent whether diffusion into cilia 
was limited by a putative barrier at the entrance and structures 
within cilia or both and how these relationships would evolve for 
different sized constructs. We reasoned that the time-evolved YFP 
fluorescence profiles of different FKBP constructs within cilia, 
as shown in Figure 1d, could provide clues to the localization of 
diffusion-limiting components in cilia. We capitalized on a theory 
derived from crystal diffusion19, where analysis of boundary con-
centrations (analogous to FKBP construct concentrations at the 
base of cilia) in relation to uptake (accumulated FKBP constructs in 
cilia) could be used to determine whether the surface permeability 
(a barrier at the base of cilia) or intracrystalline diffusion (intracilia 
diffusion) was limiting. Using this analysis, we calculated line scan 
data from three constructs that spanned the spectrum of our tested 
size range (3.2–7.9 nm) (Fig. 3a–c) and derived the corresponding 
boundary concentration versus relative uptake plots (Fig. 3d–f). 
Details on how these values were determined can be found in the 
Online Methods. On the basis of the plots, we calculated a factor, W,  
which estimates the influence of a permeability barrier versus intra-
cilia factors in regulating uptake into cilia19. W values close to 0 
indicate that entry into primary cilia is rate determining, whereas W 
values close to 1 indicate that diffusion within cilia is rate determin-
ing. Intermediate W values indicate that both factors contribute to 

Table 1 | Size and influx rate of FKbP probe proteins

test proteins
experimental Rs 

(nm)a

experimental  
MW (kda)b

estimated  
MW (kda)c

t1/2 accumulation 
time (s)

slope of integrated 
fluorescence in  

cilia (au)d

diffusion 
coefficients inside 

cilia (μm2 s−1)

YFp-FKbp 3.2 40 43 57 ± 5 130 ± 25 5.58 ± 0.52
YFp-FKbp-pKiM 4.1 39 49 60 ± 2 248 ± 65 5.33 ± 1.5
YFp-FKbp-Grp1(229–772) 4.1 57 62 101 ± 33 69 ± 11 3.99 ± 0.54
YFp-FKbp-Grp1(229–1200) 4.4 72 78 95 ± 21 100 ± 29 2.57 ± 0.61
YFp-luciferase-FKbp 4.4 100 101 229 ± 101 119 ± 17 1.44 ± 0.19
YFp-FKbp-luciferase 4.5 100 102 197 ± 83 30 ± 7 0.91 ± 0.23
YFp-FKbp-Grp1(1–772) 4.9 69 71 130 ± 22 134 ± 85 1.97 ± 0.74
YFp-FKbp-Grp1(1–1200) 5.0 88 87 266 ± 59 52 ± 13 0.69 ± 0.37
YFp-FKbp-tiam1 5.1 124 107 193 ± 64 29 ± 9 0.90 ± 0.25
YFp-FKbp-Δn β-Gal 6.3 322 305 466 ± 83 45 ± 27 0.69 ± 0.26
YFp-FKbp–β-Gal 7.6 659 622 813 ± 171 18 ± 13 0.32 ± 0.15
YFp–β-Gal–FKbp 7.9 651 626 997 ± 334 14 ± 5 0.28 ± 0.25
aMeasured and calculated from a native gel filtration assay with internal standards. bcalculated from a western blot analysis. cestimated on the basis of amino acid sequences. dcorresponds to J in equation 
(1). Au, arbitrary units.
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governing ciliary diffusion. We found a gradation of W values from 
high to low as FKBP construct size increased (Fig. 3d–f), suggest-
ing that as protein size increases, diffusion into cilia is increasingly 
hindered by a barrier at the base of primary cilia.

a molecular sieve at the base primary cilia
Our analysis suggested that a diffusion barrier at the base of cilia 
regulates the entry of proteins in a size-dependent manner. To shed 
light on the physical nature of the barrier, we calculated the diffu-
sion coefficients (D) that characterize the movement of each of the 
FKBP constructs into primary cilia and then compared them to the 
D values predicted by various models. We reasoned that the initial 
flux of FKBP complexes across a proposed diffusion barrier into the 
cilium could be described by Fick’s first law:

J D
F F

x
= −

−[ ] [ ]cy ci
(1)

where [Fcy] and [Fci] are concentrations of the FKBP construct in 
the cytoplasm and cilia, respectively; D is the diffusion coefficient 
of the FKBP construct; and x is the length of the diffusion barrier.  
We used equation (1) to solve for D for each construct using param-
eters derived from our experiments ([Fcy] and J) and structural 
details of primary cilia from our experiments and the literature4,20–23 
(Fig. 4a). Full details of the measurements and assumptions used 
can be found in the Online Methods.

As a first step, given that the length of the barrier is unknown, 
we assessed the effect of varying barrier length on our calculated  
D values (Fig. 4b). We used the Stokes-Einstein equation as an upper 
boundary for D to confine the range of possible barrier lengths  
(0–4 μm) (Fig. 4b). Our calculated D values showed a linear rela-
tionship with barrier length, and for subsequent analysis, we fixed 
the barrier length at 1.5 μm. Remarkably, the relationship between 
the experimentally determined D values and the inverse of Rs of the 
probe proteins was nonlinear, a hallmark of a size-dependent bar-
rier (Fig. 4c). This size dependency was independently confirmed 
by performing FRAP experiments using the smallest and largest 
probe proteins at primary cilia. The measured diffusion coefficients 
were 4.3 ± 2.3 μm2 s−1 for GFP-FKBP and 0.3 ± 0.1 μm2 s−1 for GFP-
FKBP–β-Gal (Supplementary Fig. 12). As the photobleaching was 
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Figure 3 | Localization of ciliary diffusion barriers. (a–c) Representative 
examples of YFp fluorescence line scans of indicated constructs through 
time from the base to tip of cilia. data are normalized to the line scan at  
t = 0. constructs shown are YFp-FKbp (a), YFp-FKbp-luciferase (b) and 
YFp–β-Gal–FKbp (c). (d–f) Analysis of boundary concentration versus 
relative uptake of YFp-FKbp (d), YFp-FKbp-luciferase (e) and YFp–β- 
Gal–FKbp (f). the green line indicates the fit of the following equation:  
y = a (1 − ecx) + bx (equation (i)). the purple line indicates the fit of  
y = a + bx (equation (ii)) using coefficients derived from the fit of (i).  
W denotes the average y-intercept of (ii) from multiple cells along with  
the s.e.m. the number of cells are indicated.
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targeted to a ciliary subregion, these values reflect the diffusion both 
inside and into the primary cilia.

We next assessed the ability of different models of hindered 
diffusion to account for the discrepancy between predicted and 
experimentally measured D values. First, we investigated whether 
molecular crowding in the primary cilia could explain our data by 
implementing a Rs-independent molecular crowding term24

D
D

Cc

sc
=

where Dc is the D in a molecularly crowded environment, Dsc is 
the D predicted by the Stokes-Einstein equation in cytoplasm, and  
C is a constant crowding term. We compared Dc values for each 
FKBP construct to our experimental D values and found that the 
closest fit, C = 0.19, was a poor fit to our data (R2 = 0.43, r.m.s.  
error = 1.31; Fig. 4c).

Next, we investigated molecular sieving as a mechanism to 
explain our observed hindered diffusion. NPCs have been shown to 
contain a molecular sieve in the lumen, which impedes passive dif-
fusion into the nucleus in a size-dependent manner25. We hypoth-
esized that a similar sieve may exist at primary cilia and modeled the 
sieve with the following equation25:

D
D

r
R

m

sc
= −





1
2

where Dm is the diffusion coefficient in the mesh, Dsc is the diffu-
sion coefficient from the Stokes-Einstein equation in cytoplasm,  
r is the Rs of the FKBP construct, and R is the estimated mesh radius 
of the sieve. When we compared Dm for each probe protein with the 
experimentally derived D values, we found that molecular sieving 
could indeed provide a reasonable explanation for our data (Fig. 4d).  
The best fit for Dm from our standard cilia geometry (Fig. 4a) was 
obtained with a mean mesh radius of 8 nm (r.m.s. error = 0.90;  
Fig. 4d and Supplementary Fig. 13a). One caveat to our analysis is 
that the calculated mesh radius will vary depending on the assumed 
barrier length (Supplementary Fig. 13b). When we fit the two 
parameters (mesh radius and barrier length) to our data, the over-
all best fit was with a mesh radius of 8 nm and a barrier length of  
1.4 μm (Supplementary Fig. 13c).

DiScUSSiON
Chemically inducible dimerization techniques have been used 
extensively to manipulate the concentration and activity of signaling 
molecules12. In this study, we adapted this technique to probe  passive 

(2)

(3)

permeability barriers in cells. Specifically, we performed kinetic 
measurements of the ciliary accumulation of a series of diffusion 
probes into cilia, and we suggest that the ciliary barrier for soluble 
proteins consists of a molecular sieve, which hinders the entry of pro-
teins in a size-dependent manner. As more than 90% of the soluble 
proteins in mammalian cells are smaller than 650 kDa (ref. 26), the  
size of our largest diffusion probe, our observation implies that 
most of the cytoplasmic proteins have the potential to freely enter 
cilia, albeit with kinetics that are determined by protein size. These 
results have two important implications for our view of how ciliary 
protein composition is regulated. Over long timescales, the steady-
state distribution of proteins in cilia is unlikely to be regulated by 
a barrier that excludes specific proteins but rather simply by the 
selective retention of proteins in cilia due to binding interactions 
with other cilia-resident molecules and by molecular crowding10. 
However, for kinetically controlled, rapid processes, such as sig-
naling reactions, the sieve-like barrier could present an important 
factor in limiting protein entry, with active or facilitated transport 
processes playing important regulatory roles.

One of the most well-characterized soluble diffusion barriers in 
cells are NPCs, which control the passage of biomolecules to and 
from the nucleus by excluding proteins larger than 60 kDa, slowing 
down the diffusion of proteins 30–60 kDa in size and allowing any-
thing smaller than 30 kDa to enter27. A recent study demonstrated 
that soluble proteins above a specific size threshold of 67 kDa are 
restricted from passively entering the primary cilia of epithelial cells 
in a manner analogous to the NPC11, in contrast to our result. This 
study used an end-point assay in which the ciliary distribution of 
soluble probe proteins was measured 5 min after microinjection 
into the cytoplasm. Thus, this study could not determine the rates of 
diffusion of the various test probes, which could easily lead to errors 
in visualizing the ciliary accumulation of larger, slow-diffusing  
probes. In contrast, the present chemically inducible diffusion trap 
at cilia (CIDTc) technique not only provides diffusion kinetics but 
also bypasses the need for perturbations such as microinjection  
or detergent permeabilization, preserving the physiological intra-
cellular environment.

Our modeling suggests that the ciliary permeability barrier 
behaves like a mesh with sieving properties reminiscent of NPCs25 
but with much larger pore radii. The largest pore radius proposed 
to exist at the NPC is approximately 4.3 nm (ref. 25). However, in 
our experiments, inert proteins as large as 7.9 nm were able to enter 
cilia, suggesting that a population of pores larger than 7.9 nm must 
exist at the cilia base. Our modeling further revealed that a pore 
radius of 8 nm gave the best fit to our data, but we are unable to rule 
out the possibility of a heterogeneous distribution of pore radii. The 
diffusion barrier seen at the base of dendritic spines in neurons28 
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Figure 4 | analysis of the diffusion barrier at primary cilia. (a) Structural depiction of the geometry of the primary cilia used to calculate diffusion 
coefficients. (b) variation of barrier length and its effect on diffusion coefficients. increases in the barrier length cause an upward shift in diffusion 
coefficients. the Stokes-einstein equation curve is included as an upper boundary to the diffusion coefficients. (c) experimentally derived diffusion 
coefficients are plotted as a function of the inverse of their Rs in comparison to a molecular crowding model shown in red. (d) experimentally derived 
diffusion coefficients (D) are plotted as a function of the inverse of their Rs in comparison to a molecular sieving model. the resulting curves for different 
mesh sizes are included in the plot with an optimal fit at R = 8 nm. the YFp-FKbp probe proteins plotted are as follows (in order of size): YFp-FKbp,  
YFp-FKbp-pKiM, YFp-FKbp-Grp1(229–772), YFp-FKbp-Grp1(229–1200), YFp-luciferase-FKbp, YFp-FKbp-luciferase, YFp-FKbp-Grp1(1–772),  
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could be more analogous to primary cilia than the nucleus, as nei-
ther structure is entirely compartmentalized by lipid membranes. 
Rather, both compartments are contiguous with the plasma mem-
brane and are decorated by septin molecules at their necks7,29. The 
exponential increases in diffusivity we observed have been similarly 
noted for large molecules in porous media30. This further suggests 
that porous material at the base of cilia might thus form a molecular 
sieve, which exponentially affects the entry of proteins into cilia in a 
size-dependent manner.

Unfixed pores for passive diffusion and preferential retention 
are both mechanisms observed in the photoreceptor-connecting  
cilium10. Of note, ultrastructural studies on photoreceptor-connecting  
cilium have not detected any structural features that deviate from 
primary cilia4, with some exceptions, such as the specialized cilia of 
chondrocytes31. In connecting cilium photoreceptors, steric volume 
exclusion is one primary driving force that limits protein accumula-
tion in the outer segment. However, our kinetic analysis revealed 
that the molecular flux across the cilia barrier rapidly decreased 
with protein size in the presence of comparable concentration gra-
dients. We suggest that volume exclusion may not be a major defin-
ing feature of the ciliary barrier in fibroblasts.

The molecular identity of the sieve-like barrier at the primary 
cilia is uncertain. Ultrastructural studies have yet to find evidence for 
such meshwork-like structure at the base of primary cilia. However, 
these studies have revealed an electron-dense region around the 
ciliary subcompartment known as the transition zone. Indeed, the 
transition zone is known to accumulate a series of proteins includ-
ing nephrocystin complexes (NPHP1, NPHP4 and so on), BBSomes, 
nucleoporins, Cep290 and Cep164 (refs. 11,32–37). Septin2, a bar-
rier molecule for membrane receptors, also accumulates at the  
transition zone, which suggests that the transition zone may serve  
as a molecular sieve for soluble proteins. As nucleoporins form 
hydrophobic hydrogels at NPCs, they are reasonable candidates 
for the ciliary barrier11. However, given that much larger proteins  
can passively enter primary cilia, we suggest that the organization 
of the nucleoporin FG (PheGly)-repeats may be different between 
these two compartments.

We have used the CIDTc technique to answer fundamental ques-
tions about soluble protein diffusion into primary cilia. This method 
should be useful in future studies aimed at defining the molecu-
lar composition of this passive barrier. In principle, this technique 
should allow the time-resolved, inducible recruitment of any two 
proteins to primary cilia using the orthogonal recruitment modules 
we have developed. We believe that this methodology will allow 
perturbation of ciliary signaling reactions in ways that have previ-
ously been impossible, for instance, by the recruitment of signaling 
proteins such as small GTPases or enzymes that can modulate the 
amount of second messengers, such as phosphoinositide lipids. 

received 11 March 2013; accepted 5 april 2013; 
published online 12 May 2013

mETHODS
Methods and any associated references are available in the online 
version of the paper.
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ONLiNE mETHODS
Cell culture and transfection. NIH3T3, IMCD3 cells and HEK 293T cells 
were maintained at 37 °C in 5% CO2 in DMEM (Dulbecco’s modified Eagle’s 
medium; Gibco) containing 10% FBS (FBS). To induce cilia formation, cells 
were cultured for 24 h in a 0.2% serum containing cell culture medium. DNA 
plasmid transfection was performed with FuGENE HD (Roche) 24 h before 
the serum starvation.

DNA constructs. The constructs, YFP-FKBP and YFP-FKBP-Tiam1(C580), 
have been previously reported38. For the constructs YFP-FKBP-PKIM,  
YFP-FKBP-luciferase, YFP-FKBP–β-Gal(ΔN) and YFP-FKBP–β-Gal, we per-
formed a polymerase chain reaction (PCR) that flanks a target nucleotide 
with EcoRI and BamHI. The PCR products were subsequently inserted into  
the multi cloning site of the YFP-FKBP plasmid. For the constructs YFP- 
FKBP-Grp1(229–772), YFP-FKBP-Grp1(229–1200), YFP-FKBP-Grp1(1–772) 
and YFP-FKBP-Grp1(1–1200), we performed a similar PCR that flanks a  
target nucleotide with XhoI and KpnI, which were again inserted into the multi-
cloning site of the YFP-FKBP plasmid. For the construct YFP-luciferase-FKBP  
and YFP–β-Gal–FKBP, we first constructed YFP-PSD95-FKBP by perform-
ing a similar PCR that flanks a PSD95 with EcoRI and KpnI, which were 
inserted into the multicloning site of the YFP plasmid. We then excised YFP- 
PSD95 using NheI and KpnI, which was inserted into the engineered FKBP 
plasmid that has the multicloning sites both at the N and C termini14. YFP-
luciferase-FKBP and YFP–β-Gal–FKBP were constructed by replacing the 
PSD95 of the YFP-PSD95-FKBP construct with a PCR product encoding 
luciferase or β-Gal using EcoRI and Asp718I or BsrGI and Asp718I, respec-
tively. 5HT6-CFP-FRB was constructed by first mutating the NheI site of 5HT6 
and then conducting PCR that includes 5HT6 flanked with NheI and AgeI 
restriction sites. The resulting PCR product was ligated with CFP-FRB plasmid 
already digested with NheI and AgeI. The correct nucleotide sequences of each 
construct were confirmed.

Gel filtration. Each of the constructs was transfected using calcium phosphate 
into a plate of HEK293T cells. The cells were harvested in (phosphate buff-
ered saline (PBS) 48 h after transfection, and cytosolic protein was extracted 
by hypotonic lysis. Briefly, the cells were spun down, PBS was removed, and 
the cells were resuspended in hypotonic lysis buffer (20 mM HEPES, pH 7.4, 
5 mM KCl, 1 mM DTT, 1× SigmaFAST). The cells were incubated and swol-
len on ice for 30 min and then snap-frozen and quick thawed twice. The cells 
were sheared with a needle, and nuclei were spun out at 2,500g for 5 min. The 
salt was adjusted to 300 mM KCl. The cytosolic supernatant was centrifuged 
at 100,000g for 30 min, and the resulting supernatant was filtered through a 
0.2-μm filter. The final protein concentration was approximately 4–5 mg/mL. 
The extract (100 μL) was loaded onto a Superdex 200 10/300 GL gel filtration 
column equilibrated in buffer containing 20 mM HEPES, pH 7.4, 300 mM KCl 
and 1 mM DTT. The protein was eluted isocratically with the same buffer at 
0.25 mL/min, and 0.25-mL fractions were collected. The YFP fluorescence of 
each fraction was measured in a Bio-Tek Synergy H1 hybrid plate reader (exci-
tation: 488 nm, emission: 530 nm), and the results were plotted and aligned 
with the absorbance plots from the chromatograms. Ve for each protein was 
calculated based on the fraction containing the peak fluorescence value, and 
the Rs was calculated by interpolating from known Rs values of standards used 
to calibrate the column. The formula used for interpolation was from ref. 39: 
(−log(Kav))1/2 = a + Rs × b, where Kav = (Ve − V0)/(Vt − V0).

Live-cell imaging. Cells were transfected with indicated constructs, incubated 
for 24 h, and then serum starved for 18–24 h before imaging. Live-cell imag-
ing was performed with a 63× oil objective (ZEISS) mounted on an inverted 
Axiovert135TV microscope (ZEISS) equipped with a motorized stage (ASI). 
Fluorescence images were collected by a QIClick charge-coupled device cam-
era (QImaging) every 30 s for 10 min to 1 h, except for the experiments shown 
in Figure 1, where images were taken every 10 s over 20 min.

FRAP experiments. Fluorescence images of 5HT6-GFP, 5HT6-GFP-FRB and 
GFP-IFT88 were collected using a FV-1000 confocal system (OLYMPUS) 
equipped with 60× NA 1.45 oil immersion lens. The confocal aperture was 
set to be the maximum to compensate for possible movement of the cilia and 
the drift of the focal plane. In long-term (90-min) experiments, photobleach-
ing was carried out with a 473-nm laser of 10% intensity relative to that used 

in short-term (10 min) experiments, so that the proper focal plane could be 
tracked by the imaging with minimal intensity of excitation light before each 
frame. To quantify the diffusion coefficient of fluorescent fusion proteins in 
primary cilia, a fraction of cilia containing the tip was scanned with intense 
473-nm laser irradiation for 100 ms for photobleaching. Relaxation of the 
resultant fluorescence intensity gradient was analyzed as previously described40, 
with a minor modification; both spatial and temporal grids or steps used for 
the model computation were set by dividing the actual pixel size and frame 
interval by integer factors, which were gradually increased until the deviations 
of the fitting converge.

Analysis of boundary concentrations and relative uptake. Boundary concen-
trations were determined by taking the maximum fluorescence intensity of 
each line scan within the first 25% of the length of cilia to account for fluctua-
tions arising from noise. Relative uptake was determined by integrating each 
line scan and normalizing to the maximal uptake. Boundary concentration 
versus relative uptake plots were fitted by the following equation:

y a e bxcx= − +( )1

using the ‘fit’ command in Matlab. As the relative uptake approaches saturation, 
the curve becomes linear19 and can be approximated by a line defined by:

y a bx= +

with coefficients defined by the previous fit in (4). The W values denoted in 
Figure 3d–f were taken as the y-intercept (a) from (5).

Initial slope analysis. We applied a linear fit to the first four time points of the 
influx curves (example shown in Fig. 1e) of each FKBP construct and obtained 
a mean slope for each.

Calculation of diffusion coefficients into primary cilia. Assumptions. 
The first assumption we make is that at early time points after rapamy-
cin addition, the initial concentration of free diffusing FKBP complexes in 
the primary cilia is zero ([Fci] = 0) after rapid trapping to FRB constructs.  
On the basis of this assumption, we can rewrite (1) as:

J D
F
x

= −
[ ]cy

The flux, J, can be restated as the number of molecules that pass through the 
diffusion barrier into the cilium in a given time through a cross-sectional 
area.

J
A

dNF
dt

= − 1 ci

Here A is the cross sectional area of the cilia barrier, and NFci is the total 
number of molecules of the FKBP construct (free and FRB-bound) in the 
cilium. We can combine equation (6) and equation (7) to solve for D.

D dNF
dt

x
F A

=
 

ci

cy  

Calculations. To calculate D for each YFP-tagged FKBP construct, we first  
calculated dNF

dt
ci  by taking the slope of the integrated intensity of YFP over 

the first 90 s in the cilia. Next, to measure [Fcy], we measured the integrated 
intensity of YFP in three defined regions in the cytoplasm and took their  
average as the number of molecules in the cytoplasm. We divided this  
value by the unit volume in this region to obtain [Fcy]. Our estimates for  
the volume were based on the area of the region of analysis and an estimated 
cellular height of 6 μm. Finally, we calculated A on the basis of our assumed  
cilia geometry (Supplementary Fig. 13a). The barrier length, x, was an 
unknown in (6) and thus was varied to assess its affect on D (Supplementary 
Fig. 13b).

Geometry. We used the average cilia length from our data (Supplementary  
Fig. 8) and the structural details obtained from previous works4,20–23 for the 

(4)

(5)

(6)

(7)

(8)
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cross-sectional area, A. We simplified the primary cilia into two concentric 
cylinders with radii of 200 nm and 300 nm, respectively, and an overall cilia 
length of 9.46 μm (Supplementary Fig. 11a). The smaller cylinder functions as 
a proxy for the axoneme, the nine microtubule doublets defining the structure 
of the primary cilia, and no diffusion of soluble proteins is assumed to occur 
in the inner lumen. The outer rod is representative of the plasma membrane 
enclosing the primary cilia.

38. Inoue, T., Heo, W.D., Grimley, J.S., Wandless, T.J. & Meyer, T. An inducible 
translocation strategy to rapidly activate and inhibit small GTPase signaling 
pathways. Nat. Methods 2, 415–418 (2005).

39. Laurent, T.C. & Killander, J. A theory of gel filtration and its experimental 
verification. J. Chromatogr. A 14, 317–330 (1964).

40. Fukatsu, K. et al. Lateral diffusion of inositol 1,4,5-trisphosphate receptor 
type 1 is regulated by actin filaments and 4.1N in neuronal dendrites.  
J. Biol. Chem. 279, 48976–48982 (2004).
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