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Diffusion of Large Molecules into Assembling Nuclei Revealed
Using an Optical Highlighting Technique
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Laboratory for Cell Function Dynamics, Advanced Technology Development Group, Brain Science Institute, Institute of Physical and Chemical
Research, Saitama, Japan

ABSTRACT The nuclear envelope (NE) defines the nuclear compartment, and nuclear pore complexes (NPCs) on the NE form
aqueous passages through which small water-soluble molecules can passively diffuse. It is well known that proteins smaller than
50 kDa can diffuse though NPCs, whereas proteins larger than 60 kDa rarely enter by passive diffusion. Little, however, is known
about how this size cutoff develops as the NE reassembles and the nucleus expands. In 1987, a well-known study identified an
efficient mechanism by which large diffusing proteins (>60 kDa) were excluded from the reassembling nucleus after mitosis.
Since then, it has been generally accepted that after mitosis, newly formed nuclei completely exclude all proteins except those
that are initially bound to the mitotic chromosomes and those that are selectively imported through NPCs. Here, the tetrameric
complex of the photoconvertible fluorescent protein KikGR (~103 kDa) was optically highlighted in the cytoplasm and followed to
examine its entry into nuclei. Remarkably, highlighted complexes efficiently entered newly assembled nuclei during an ~20-min
period after the completion of cytokinesis. Because KikGR contains no known nuclear-localization or chromosome-binding
sequences, our results indicate the diffusion barrier is less restrictive during nuclear reassembly.
INTRODUCTION

Passive diffusion through nuclear pore complexes (NPCs)

that perforate the nuclear envelope (NE) depends on the

size of the diffusing molecule. Small water-soluble mole-

cules can diffuse into the nucleus, whereas larger molecules

(>~60 kDa) cannot. In late anaphase and telophase, the NE

reassembles on the surfaces of the chromosomes; endo-

plasmic reticulum membranes wrap around groups of chro-

mosomes and continue fusing until a sealed NE has formed

(1–3). During this process, NPCs also assemble and begin to

actively import proteins that contain nuclear localization

signals (NLSs) (4).

In 1987, a well-known study by Swanson and McNeil (5)

identified a rapid and efficient mechanism by which large

diffusing proteins were excluded from the reassembling

nucleus after mitosis. After introducing large fluorescently

labeled dextran molecules (molecular mass ¼ 70 kDa) into

the cytoplasm of fibroblast cells, the authors observed that

dextran was excluded from the nuclei of cells that had under-

gone mitosis. Since the publication of that study, it has been

generally accepted that after mitosis, newly formed nuclei

completely exclude all proteins except those that are initially

bound to the mitotic chromosomes and those that are selec-

tively imported through NPCs (Fig. 1). In accordance with

this view, studies have examined the effects of cell division

on the nuclear localization of such large diffusing molecules

as the kinesin-II subunit KAP (6), the retroviral preintegra-

tion complex (PIC) (7), and microinjected DNA molecules

(8). However, because Swanson and McNeil (5) did not

examine how quickly NE sealing was completed after cyto-
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kinesis, and introduced the large fluorescently labeled

dextrans into the cells by scratching a monolayer of fibro-

blasts, the temporal profile of the redistribution of the mole-

cules from the cytoplasm was not detailed in their study.

Another study suggested that NPCs were more permeable

during and just after NE reformation. Feldherr and Akin (9)

microinjected colloidal gold particles stabilized with bovine

serum albumin into the cytoplasm of HeLa cells at various

times during the M phase of the cell cycle, and determined

the subsequent intracellular distribution of the particles using

electron microscopy. Because the particles were not uniform

in size (20–120 Å), and the colloidal tracers may have bound

to chromatin (10), however, it was not possible to attribute the

observations to the passive diffusion of large molecules and

the equilibration of the introduced molecules across the NE.

In study presented here, we used an optical highlighting

technique (11) to investigate the development of the diffu-

sion barrier composed of the NE and NPCs around newly

assembled nuclei. Compared with scratching- and microin-

jection-based methods, the use of photoconvertible fluores-

cent proteins provides a more precise and less damaging

way to examine the diffusion of large molecules across the

NE. Using this technique, we observed that a large molecule

(molecular mass ¼ 210 kDa) diffused across the NE imme-

diately after cytokinesis, demonstrating that the NE is less

restrictive during the first 30 min after cytokinesis.

MATERIALS AND METHODS

Gene construction

Lamin B receptor (LBR)-ECFP/pcDNA3 was constructed to fuse ECFP

(Clontech, Mountain View, CA) to the C-terminal end of full-length human

LBR. A DNA fragment encoding KikGR with a termination codon was
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subcloned into the NotI site of pEF6 myc-His B (Invitrogen, Carlsbad, CA).

NLS-GST-Venus was constructed by subcloning a DNA fragment encoding

Venus into pGEX-2T (GE Healthcare Bio-Sciences, Piscataway, NJ) and

then inserting the GST-Venus fragment into the modified pcDNA3 (Invitro-

gen) containing the sequence for the SV40 T-antigen NLS.

Determination of diffusion coefficients

Diffusion coefficients for KikGR in the cytoplasm and nucleus were deter-

mined as described previously (12). HeLa cells expressing KikGR were

visualized using a confocal microscope (FV1000; Olympus, Tokyo, Japan)

equipped with a 60�objective lens (Plan Apo, N.A.¼ 1.40) and two scanning

units. The system independently operates a laser diode (405 nm) and a green

He/Ne laser (543 nm), enabling photoconversion (5 ms at a point) and fluores-

cence observation (1.41 ms along a line) to be executed simultaneously. The

intensity profile was fitted by the function F(x) ¼ C � exp(�(x�x0)2/4Dt),

where F, x, C, D, and t are the fluorescence intensity, distance, amplitude,

diffusion coefficient, and time, respectively.

Imaging

HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% fetal bovine serum in 5% CO2 at 37�C. They

were plated onto 35-mm glass-bottomed dishes 1 day before transfection.

cDNAs were transfected into cells using Lipofectamine-Plus reagent (Invi-

trogen) following the manufacturer’s protocol. For confocal imaging, cells

were examined 2 days after transfection using the inverted microscope

(IX-81; Olympus) in DMEM without phenol red, and supplemented with

10% fetal bovine serum and 15 mM HEPES (pH 7.4). The medium was

kept at 37�C during the experiment using an incubator (MI-IBC; Olympus).

Images were acquired with a laser-scanning confocal microscope (FV1000;

Olympus) equipped with a PlanApo 60�/1.40 oil immersion objective lens

(Olympus). LBR-ECFP was excited with an Ar (458 nm) laser, whereas

green KikGR and red KikGR were excited using an Ar (488 nm) and He/

Ne (543 nm) laser, respectively. Completion of cytokinesis was observed

by 1-min interval four-dimensional (4D) imaging of green KikGR. At

various times after cytokinesis, the cytoplasm was irradiated by the

405 nm laser for 15 s. Diffusion of photoconverted KikGR into nucleus

was monitored at 20- or 30-s intervals.

Nuclear entry of KikGR

Fluorescence intensities in the nucleus and cytoplasm were analyzed using

ImageJ (http://rsb.info.nih.gov/ij/). A Kalman filter was applied using a plu-

gin (developed by Christopher Philip Mauer). Quantification was based on

the original data.

4D imaging

Plasmids encoding mECFP-KikGR or histone 2B-mRFP were cotransfected

into HeLa cells. Cells in anaphase or telophase were used for imaging.

FIGURE 1 Schematic drawing showing the exclusion of large molecules

from the expanding nucleus during and after mitosis. Large (>~60 kDa) and

small (<~60 kDa) diffusing molecules are depicted by large and small dots,

respectively. The NE is drawn as a cyan line. This scheme is based on the

conventional model, which posits that the nucleus is completely sealed

before it begins to expand.
mECFP-KikGR and histone 2B-mRFP were excited at 488 nm (Ar) and

543 nm (He/Ne), respectively. A 3D image was generated by acquiring

confocal images at different z positions (1.5 mm steps). Time-lapse imaging

was performed at 1-min intervals. The image for histone 2B-mRFP was

median-filtered (5 � 5) and a binary image (mask) was constructed. Then,

the mask was applied to the corresponding green fluorescence image. Total

fluorescence intensities within foreground regions were counted. Volume

rendering was performed using V-Isio (VCAD System Research Program,

RIKEN). The 4D data analysis was conducted using MATLAB (The Math-

Works, Natick, MA).

Stokes radius determination

Stokes radii were calculated from diffusion coefficients using the Stokes-

Einstein relation. The diffusion coefficients were obtained by fluorescence

correlation spectroscopy (FCS) measurements with LSM510 META Confo-

Cor3 (Carl Zeiss MicroImaging, Jena, Germany) equipped with a C-APO-

CHROMAT 40�/1.2 water immersion objective lens. Rhodamine-6G was

used as a standard molecule (diffusion coefficient at 20�C ¼ 280 mm2/s).

Fitting of the autocorrelation function was performed using the ConfoCor3

software.

RESULTS

KikGR as a large diffusing tracer

We previously isolated the green-emitting fluorescent pro-

tein KikG from the stony coral Favia favus and determined

the crystal structure at 1.6 Å resolution. Its well-packed

tetramer structure is shown in Fig. 2 A. Its dimensions are

~8 � 8 � 6 nm. Then, we engineered KikG to be photocon-

vertible using a semirational mutagenesis approach. The

resulting mutant, KikGR, can be photoconverted from a

green- to red-emitting species using ultraviolet or violet light

(13). Crystallographic analysis revealed that KikGR has the

same overall tetrameric structure as KikG (H. Tsutsui and A.

Miyawaki, unpublished data). In fact, our in vitro FCS

measurements revealed that the Stokes radius of KikGR

was 4.0 5 0.2 nm (5 SD, n ¼ 6), which almost matches

the dimensions of the KikG tetramer (~8 � 8� 6 nm). Thus,

the KikGR tetramer complex (molecular mass ¼ 103 kDa)

can serve as a tracer for the diffusion of large molecules

(>~60 kDa) across the NE.

We then determined the diffusion coefficient of the KikGR

complex inside the cytoplasm (19.5 5 3.6 mm2/s; 5 SD,

n ¼ 3), which demonstrated that the tracer was fairly diffus-

ible. A similar diffusion constant (19.9 5 0.9 mm2/s; 5 SD,

n ¼ 3) was obtained in the nucleus, which confirmed that

KikGR did not bind to the chromosomes (Fig. 2 B).

NE barrier to KikGR diffusion during
midinterphase

Dual-color time-lapse imaging and photoconversion were

performed using a confocal microscope system equipped

with 488-nm (argon), 543-nm (He/Ne), and 405-nm (DPSS)

laser lines. In most of the HeLa cells transfected with

cDNA encoding KikGR, the green fluorescence was homo-

genously distributed in both the cytoplasm and nucleus.

After KikGR was photoconverted in a portion of the
Biophysical Journal 97(5) 1288–1294
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FIGURE 2 (A) Overall crystal structure of the KikG

tetrameric complex (PDB ID: 1XSS) (13). KikGR shows

the same overall structure as KikG (H. Tsutsui and A.

Miyawaki, unpublished results). Oxygen and nitrogen

atoms are depicted as red and blue balls, respectively. (B)

Values of 4Dt (D, diffusion coefficient; t, time) as a function

of time. Left row: Three representative intensity profiles

(obtained at t ¼ 0.008, 0.072, and 0.134 s) with fitted

Gaussian distributions (red lines) are shown. Two other

experiments were performed; the average diffusion coeffi-

cient (D) was determined to be 19.4 5 3.6 mm2/s

(5 SD; n ¼ 3) in the cytoplasm and 19.9 5 0.9 mm2/s

(5 SD; n ¼ 3) in the nucleus.
cytoplasm during midinterphase, a substantial gradient of red

fluorescence was apparent across the NE during a 20-min

observation period (Fig. 3 A) and for several hours thereafter

(see Fig. S1 in the Supporting Material), confirming a tight

barrier to the diffusion of the KikGR complex. A monomeric

variant of KikGR (mKikGR) was developed in a recent study

(14). mKikGR exhibited a Stokes radius of 1.8 5 0.1 nm

(5 SD, n ¼ 3), which is a reasonable value when one con-

siders the cylindrical structure of the b-barrel with a diameter

of 2.4 nm and height of 4.2 nm. mKikGR efficiently diffused

across the NE in midinterphase (Fig. S2).

Increased permeability of the NE barrier
to KikGR diffusion immediately after cytokinesis

We identified transfected HeLa cells that were in anaphase or

telophase. We then photoconverted KikGR at various time

points as the cells progressed through the cell cycle. Because

the nuclear outline was more apparent after cytokinesis,

cytoplasmic photoconversion was primarily performed

Biophysical Journal 97(5) 1288–1294
with fresh daughter cells. In the experiment shown in

Fig. 3 B, areas in the cytoplasm of both daughter HeLa cells

were irradiated with the 405-nm laser 10 min after they sepa-

rated. Of interest, the highlighted KikGR efficiently diffused

into the nucleus of each cell, which is inconsistent with the

conventional view that the NE barrier is completed during

cytokinesis (Fig. 1). On the other hand, when photoconver-

sion was performed 20 min after cell separation, entry of

the complex into the nucleus was less efficient (Fig. 3 C).

To statistically analyze the nuclear entry of KikGR, we

first quantified the gradient of red fluorescence across the

NE. Normalized nuclear entry (Fnne(t)) was defined as

1 � [Fnuc(t) � Fcyt(t)]/[Fnuc(0) � Fcyt(0)], where Fnuc(t)
and Fcyt(t) are the average intensities of red fluorescence at

time t (min) postphotoconversion in the nucleus and cyto-

plasm, respectively (Fig. 3 D). For this analysis, the value

of Fnne (5) was used to reflect the NE permeability. This

parameter was determined for numerous cells and plotted

against the time of the photoconversion relative to cytoki-

nesis (Fig. 3 E). The KikGR complex efficiently entered
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FIGURE 3 Critical period during which the KikGR tetrameric complex can diffuse into the expanding nucleus is shown. (A–C) A series of confocal images

showing the diffusion of the KikGR complexes from the cytoplasm into the nuclei. KikGR in the cytoplasm was photoconverted from green to red during

midinterphase (A), 10 min after the completion of cytokinesis (B), or 20 min after the completion of cytokinesis (C). At t ¼ 0, photoconversion was performed

in a portion of the cytoplasm. The regions illuminated with the 405-nm laser line are shown in white boxes. Considering the dynamic changes in cellular

morphology after cytokinesis (B and C), we cotransfected cDNAs encoding KikGR and LBR-ECFP into cells. LBR-ECFP delineated the NE, which helped

us to choose the cytoplasmic region for 405-nm illumination (confocal images corresponding to B are shown in Fig. S6). Scale bars: 10 mm. (D) Time courses

of the normalized entry of photoconverted KikGR into the nucleus. (E) Permeability of the NE to the photoconverted KikGR tetrameric complexes at various

times after cytokinesis. The NE permeability indices are shown with standard errors. The values were 1.01 5 0.19 (n ¼ 3), 0.78 5 0.21 (n ¼ 4), 0.46 5 0.05

(n ¼ 4), 0.24 5 0.02 (n ¼ 3), 0.00 5 0.19 (n ¼ 3), and 0.05 5 0.09 (n ¼ 4) at 5, 10, 15, 20, 30, and 60 min postcytokinesis, respectively. Numbers in

parentheses indicate the number of examined cells.
the nucleus immediately after the completion of cytokinesis,

after which the rate of nuclear entry decreased to the basal

level within 30 min.

NE barrier to KikGR diffusion before cytokinesis

Nuclear entry of the KikGR complex was also observed

during telophase. At this stage, however, the entry of the

complexes was less evident, probably because the chromo-

somes were condensed (passive diffusion of molecules into

the nucleus requires nuclear expansion). Moreover, because

the relative geometries of the nucleus and cytoplasm are

complex in bottle gourd-shaped cells, we did not quantify

the NE permeability during telophase. Alternatively, we co-

transfected cDNAs encoding KikGR and LBR-ECFP into
HeLa cells to follow the nuclear assembly and the exclusion

of the KikGR complex from the newly formed compartments

(Fig. 4). Delineation of the nuclei became evident immedi-

ately before cytokinesis (t ¼ 12 min; Fig. 4, arrows). At

this stage, the condensed chromosomes appeared to exclude

the KikGR complex (t ¼ 12; Fig. 4, arrowheads). Then, this

distinction gradually became less clear as the nucleus

expanded during the M/G1 transition (t ¼ 12�28 min).

Diffusion of large molecules into expanding nuclei
revealed using 4D imaging

The experiments using the KikGR complex with a molecular

mass of 103 kDa identified a short period (<~20 min) in the

early G1 phase during which the NE barrier is more
Biophysical Journal 97(5) 1288–1294
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FIGURE 4 Series of confocal images showing the assembly of the NE (LBR-ECFP) and the distribution of KikGR. The nuclei became delineated imme-

diately before cytokinesis (white arrows). KikGR was excluded from the condensed chromosomes, which were detected as black shadows (white arrowheads).
permeable than was previously thought. We then determined

whether this observation was dependent on the molecular

mass of the diffusing molecules. We fused a cyan-emitting

variant of Aequorea GFP (mECFP) to the N-terminus of

KikGR. Because mECFP bears a mutation that promotes
Biophysical Journal 97(5) 1288–1294
monomerization of the protein (A206K) (15), mECFP-

KikGR forms a soluble tetrameric complex (Fig. 5 A, right;
the schematic structure of KikGR is shown in Fig. 5 B, left).
The complex is predicted to have a molecular mass of

210 kDa, almost double that of the KikGR complex. To
A

B

C D

FIGURE 5 Distribution of large molecules with a molecular mass of 210 kDa after cytokinesis. (A) Schematic structure of KikGR (left, molecular mass¼
103 kDa) and mECFP-KikGR (right, 210 kDa). (B) mECFP-KikGR fluorescence in the cytoplasm and nucleus visualized by volume rendering. The nucleus

was segmented using the histone2B-mRFP-specific channel. Fluorescence intensity in the nuclei appeared to decrease (pseudocolor changes from green to

blue). Bounding box (x � y � z ¼ 48 � 48 � 24 mm) is shown by dashed lines. (C) The volumes of the nuclei of the two daughter cells. The volumes of

the nuclei continued to increase for 30 min after cytokinesis. (D) Amount of mECFP-KikGR in the nuclei of the two daughter cells. The level of green

fluorescence is plotted.
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estimate the dimension of mECFP-KikGR, we calculated its

Stokes radius from the diffusion coefficient in solution,

which we measured by FCS. Using the Stokes-Einstein rela-

tion, we calculated the radius to be 5.2 5 0.5 nm (5 SD,

n ¼ 6). On the other hand, the Stokes radius of KikGR

was calculated to be 4.0 5 0.2 nm (5 SD, n ¼ 6), which

was consistent with the dimension (~8 � 8� 6 nm) revealed

by crystallography (Fig. 2 A). When the mECFP-KikGR

complex was highlighted in the cytoplasm of transfected

HeLa cells either during midinterphase (Fig. S3) or 10 min

after cytokinesis (Fig. S4), its nuclear entry was not

observed. Therefore, the period during which the mECFP-

KikGR complex was able to permeate the NE was shorter

than that observed for the KikGR complex.

Because it is difficult to control the point at which photo-

conversion is performed relative to cytokinesis on a timescale

of <10 min, we directly monitored diffusion of the mECFP-

KikGR complex into the expanding nuclei using 4D imaging

(Fig. 5 B). Plasmids encoding histone 2B fused to mRFP or

mECFP-KikGR were cotransfected to generate a 3D recon-

struction of the nuclei of two daughter cells. The expansion

of the volume of the chromosomes (the mRFP signals) was

monitored over a time course of 60 min (Fig. 5 C). In addition,

we measured the intensity of green fluorescence in regions

containing the chromosomes so that we could quantitatively

examine changes in the total amount of the mECFP-KikGR

complex residing inside the nuclei (Fig. 5 D). A comparison

of the two rates suggests that whereas new nuclei continued

to expand during the first 30-min period after cytokinesis,

the level of the mECFP-KikGR complex in the nuclei became

constant 10 min after cytokinesis.

DISCUSSION

Considerable progress has been made in detailing the mech-

anism underlying compartmentalization of the nucleus. The

NE defines the nuclear compartment, and NPCs in the NE

form aqueous passages through which small water-soluble

molecules can passively diffuse. Researchers have deter-

mined the effective size of these pores by introducing labeled

molecules of different sizes into the cytoplasm and mea-

suring their rates of diffusion into the nucleus. These exper-

iments have revealed that proteins smaller than 50 kDa can

diffuse through these pores, whereas proteins larger than

60 kDa rarely enter by passive diffusion.

Little, however, is known about how this size cutoff value

changes as the NE reassembles and the nucleus expands.

About two decades ago, Swanson and McNeil (5) used fluo-

rescently labeled dextrans to obtain qualitative answers to

this question. Since then, the sealing of newly assembled

nuclei has been thought to be completed by the time of cyto-

kinesis (3).

By using an optical highlighting technique, however, we

identified a short period very early in the G1 phase (after cyto-

kinesis) during which the NE barrier is more permeable than
was previously thought. Whereas other studies examined the

steady-state distribution of fluorescently labeled molecules

across the NE, we directly looked at passive diffusion of the

KikGR complex (103 kDa). We also used 4D imaging and

a quantitative reconstruction technique to examine the nuclear

accumulation of the mECFP-KikGR complex (210 kDa)

during the first 10 min after cytokinesis. The latter technique

was first used by Gerlich et al. (1) to observe the developing

NE in living cells. These authors reported that the chromatin

was completely enclosed by the NE membranes before chro-

mosome expansion, which suggests that the NE system,

including the NPCs, matures quickly.

A mature nucleus is characterized by the exclusion of large

diffusing molecules and an ability to import NLS-containing

molecules. Recent studies have shown that even partially

assembled NPCs are able to import proteins (4,16). Consistent

with this observation, we found that NLS-GST-Venus, a large

NLS-containing molecule (17), was efficiently imported into

the nucleus immediately after cytokinesis (Fig. S5). Thus, the

diffusion barrier around the nucleus may be established later

than the active import activity.

Currently, we do not know whether the passive diffusion

observed in early G1 is due to incompleteness of the NE seal-

ing or of NPC functions. However, we characterized the

aqueous conduits on the NE through which large molecules

passively diffuse. The comparison between the KikGR and

mECFP-KikGR complexes showed a subtle but substantial

decrease in the size of the aqueous conduits on the NE: it

was ~10 nm immediately after cytokinesis and reduced to

~8 nm in 30 min. It is possible that this mechanism contrib-

utes to as yet unidentified mechanisms that allow the nuclear

localization of large molecules, such as the retroviral PIC.
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