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In Vivo Study of HIV-1 Tat Arginine-rich Motif
Unveils Its Transport Properties

Francesco Cardarelli’?, Michela Serresi', Ranieri Bizzarri'?, Mauro Giacca®>* and Fabio Beltram'-?
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Tat-derived peptides have attracted much interest as
molecular carriers for intracellular delivery as they incor-
porate specific attributes required for efficient cargo
delivery to sub-cellular domains. Little is known, how-
ever, about intracellular trafficking and interactions of Tat
peptide-tagged cargoes, although some in vitro studies
have suggested the relevance of active processes in Tat
peptide—driven nuclear translocation. These issues are
addressed by comparing Tat peptide-induced transport
properties with well-established passive diffusion and
active import benchmarks in living cells. Specifically,
we examine several constructs of increasing molecular
weight (MW) both below and above the threshold for
passive diffusion through the nuclear pore. The result-
ing sub-cellular localization is analyzed by confocal imag-
ing, and construct intracellular dynamics is investigated
by fluorescence recovery after photobleaching (FRAP)
real-time imaging. Our experiments yield the character-
istic transport parameters of Tat peptide intra-cytoplasm
dynamics and nucleus/cytoplasm shuttling. These results
allow us to elucidate the mechanism of Tat peptide—
driven nuclear permeation, demonstrating that it crosses
the nuclear envelope (NE) by passive diffusion. Finally,
we discuss the limitations of this route in terms of accept-
able cargo size.
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INTRODUCTION
The Tat protein of human immunodeficiency virus type 1 is a
powerful transcriptional activator of viral gene expression and
enhances the rate of human immunodeficiency virus type 1 long
terminal repeat-specific transcription.’? In addition to this criti-
cal role as a transcription factor, a growing body of evidence sug-
gests that Tat plays a role as an extracellular protein. In fact, Tat is
readily taken up by cells through interactions with heparin sulfate
proteoglycans displayed on the cell membrane and then develops
a number of peculiar interactions with specific cell proteins.**
Cell penetration depends upon the integrity of the basic region
of the protein (YGRKKRRQRRR, basic residues in bold). This
arginine-rich sequence also corresponds to the presumed nuclear

localization signal (NLS) and the trans-activation responsive region
binding domain of the protein.’ The growing interest in the cell-
penetrating properties of this peptide is due to its ability to drive
the internalization of a large variety of cargoes chemically coupled
or fused to it in mammalian and human cell types.® Data indicate
that the Tat peptide can determine cellular uptake of non-permeant
molecules and lead to the expected biological response, consistent
with the internalization of intact peptide-cargo fusions.”® Despite
the variety of biotechnological applications of the Tat peptide as a
delivery vector, little is known about the intracellular behavior and
fate of Tat peptide-based chimeras. As mentioned, the Tat peptide
is a putative NLS. So far, two distinct classes of NLSs have been
identified: a single stretch of basic residues, exemplified by the NLS
of the simian virus 40 (SV40) large tumor/antigen, and two clus-
ters of basic residues separated by a spacer region of 10-12 amino
acids, as typified by Xenopus laevis nucleoplasmin.”!° These signals
are usually recognized by the cytoplasmic receptor proteins Imp-«
and Imp-f and actively translocated through the pore channel.'"?
The directionality of nuclear import is thought to be conferred by
the asymmetric distribution of the guanosine triphosphate- and
guanosine diphosphate-bound forms of protein Ran between
cytoplasm and nucleus.'>"* The nuclear pore complex (NPC) also
mediates passive bi-directional diffusion of proteins of molecular
masses of up to 60-70kd."®

So far, the mechanism directing the nuclear import of the Tat
peptide has been studied only by in vitro assays, with contradic-
tory results. Truant and Cullen proposed an active nuclear import
mechanism involving cytosolic factors (Imp-f, but not Imp-«) and
suggested the existence of a novel class of basic NLS sequences that
function independently of Imp-a.'® In contrast, Efthymiadis et al.
reported that the Tat peptide can target a large heterologous pro-
tein (fB-galactosidase from Escherichia coli, 120kd) to the nucleus
in the absence of both Imp-f and Imp-a. An entirely novel path-
way was invoked that involves energy consumption and binding
to nuclear components."”

In this work we chose a different approach that allowed us to
investigate Tat peptide intracellular transport properties in living
cells without the need to disrupt the integrity of the cytoplasmic
or nuclear membranes. We designed green fluorescent protein
(GFP)-based fusion proteins of different molecular sizes, both
below and above the passive diffusion size limit. These constructs
represent a benchmark for intracellular passive diffusion behavior
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when expressed in cells and were also used as cargoes for pro-
totypical active import by fusing them to the NLS of SV40. The
behavior of these two classes of constructs was compared with that
of the same GFP cargoes fused to the Tat peptide. We analyzed
the sub-cellular localization of all constructs by confocal imaging
and addressed their intracellular dynamics using the fluorescence
recovery after photobleaching (FRAP) method. Photobleaching is
an irreversible photochemical change in the fluorophore structure
so that it is no longer fluorescent. In a FRAP experiment, fluo-
rescent molecules in a selected region of the cell are irreversibly
photobleached using a high-power laser beam. The subsequent
movement of surrounding non-bleached fluorescent molecules
into the photobleached area is recorded at low laser power. Results
from these experiments allow one to probe the trafficking proper-
ties of a given protein within living cells."®

We measured the characteristic kinetic parameters of Tat
peptide intracellular dynamics and concluded that the molecular
mechanism directing Tat peptide movement across the nuclear
envelope (NE) is passive diffusion. Important limitations of this
route in terms of acceptable cargo size are provided. We believe
that the present results can be of great interest for those who
exploit Tat peptide as a molecular carrier, to fine-tune its diag-
nostic and therapeutic efficacy.

RESULTS

Engineering, expression, and localization

of constructs

To assess the nucleus/cytoplasm shuttling properties driven by
the Tat peptide sequence we engineered three pcDNA3-based
constructs encoding differently sized GFP-based cargoes.

We constructed a prototypical passive diffusion system com-
posed of a small protein able to diffuse freely between nucleus
and cytoplasm (single enhanced GFP, or EGFP) and alarger complex
consisting of an enhanced blue fluorescent protein (EBFP) linked to
an EGFP (hereafter, GFP,) (Figure 1a). In addition, we studied a
third fusion protein, consisting of a higher molecular weight (MW)
cargo composed of E'GFP (a mutated EGFP derivative), EGFP, and
the dimeric red fluorescent protein tdTomato (hereafter, GFP,)
(Figure 1a), whose size makes it unable to diffuse across the NE.*°
GFPs were chosen because they are known not to interact with
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intracellular substrates and, in particular, not to contain an NLS
capable of triggering active nuclear transport."

Expression of the three different proteins and their correct size
was verified by western blot analysis. As shown in Figure 1b, the
single GFP protein shows an apparent mass of 27kd, and GFP,
and GFP, are detected at 56 and 110kd, respectively. For this last
construct, data indicate the presence of a detectable fraction of
degraded fragments at lower MW, a result not unexpected in the
case of such a complex system.

To examine intracellular distribution of these proteins in liv-
ing cells, Chinese hamster ovary (CHO) K1 cells were transfected
with the three constructs. After 20 hours, cells were incubated with
the DNA-staining Hoechst dye for 30 minutes and then examined
by confocal microscopy (Figure 1c). As expected for a purely dif-
fusive molecule, GFP displayed a uniform distribution through-
out the cell with no sub-cellular organelle-specific localization.”
We obtained the same result in the case of GFP,: the cytoplasm
and the nucleus of cells were uniformly labeled by this protein.
In contrast, GFP, was detected in the cytoplasm but excluded
from the nuclear compartment in most of the cells analyzed, as
expected from the expression of a 110-kd protein lacking an NLS.
A small (~10%) fraction of the cells, however, showed detectable
nuclear staining (data not shown) that can be linked to degrada-
tion fragments of the GFP, protein, as suggested by immunoblot-
ting analysis (GFP, lane in Figure 1b).

To investigate the ability of Tatll to mediate nuclear import
of these cargoes, we obtained three additional constructs that exp-
ressed the three proteins with an additional N-terminal tag corre-
sponding to the Tat11 peptide sequence (YGRKKRRQRRR).

Finally, a third set of constructs was produced by replacing
the Tatll sequence with the NLS of the SV40 T antigen (YPK-
KKRKVEDP). This set provides our active import benchmark. A
multiple site-directed mutagenesis was performed to replace the
selected single amino acids of the Tat11 sequence with the residues
belonging to the NLS, , sequence, as indicated in Figure 1a.
Cargo-dependent sub-cellular localization
of constructs
As a first test, we transfected CHO K1 cells with Tat11-tagged GFP,
GFP,, and GFP, cargoes and analyzed their sub-cellular distribution

GFP, GFP,

Figure 1 Engineering, expression, and localization of constructs. (a) Schematic representation of cargo construct composition (green fluores-
cent protein (GFP, GFP,, and GFP,)). Tat11 and nuclear localization signal of the simian virus 40 (NLS, , ) sequences are represented by single-letter
amino acid code (residues obtained by mutagenesis are highlighted in bold type). (b) Total cellular proteins (10pg) obtained from transfection
of GFP, GFP,, and GFP, expression vectors in Chinese hamster ovary K1 cells were analyzed by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and immunoblotted with an anti-GFP monoclonal antibody to highlight the correct molecular weight of cargoes. (¢) Confocal images
of expressed cargo proteins (upper panels); the same images superimposed to Hoechst dye nuclear stain (lower panels). Scale bar: 10 um. EBFP,
enhanced blue fluorescent protein; EGFP, enhanced GFP; E'GFP, a mutated EGFP derivative.
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using a confocal microscope. Independent of the level of transfec-
tion, Tatl11-GFP sub-cellular distribution was relatively uniform
between cytoplasm and nucleoplasm (K_ = nuclear concentration/
cytoplasmic concentration ~ 1; “B” in Table 1), with a concomi-
tant detectable enrichment in nucleolar fluorescence (Figure 2a).
In an analogous manner, Tat11-GFP, preserved the homogeneous
distribution between nucleus and cytoplasm (Figure 2b). Remark-
ably, Tat11-GFP, was almost exclusively localized within the cyto-
plasm of expressing cells (Figure 2c), indicating that the Tatll
sequence was not able to mediate the nuclear import of a cargo that
is above the limit for passive diffusion across the NPC. In short,
the cargo-dependent sub-cellular localization of Tatl11-based con-
structs closely resembles that of their corresponding passive diffu-
sion benchmarks discussed above (Figure 1c). The actual size of
the GFP and Tat11-GFP constructs was verified by western blot
analysis using an anti-GFP monoclonal antibody. Two lanes were
detected at different positions in the gel, consistent with a ~1.5-kd
mass difference (data not shown).

Table 1 Transport parameters derived from nuclear FRAP measurements

Row Protein K., T\ (8) D/W (um3/s) N
A GFP ~1 77 £ 19 13.6 £3.7 24
B Tat11-GFP ~1 410 £ 125 2715 39
C  NLS,-GFP 22-44 60+3 52+06 14
D GFP, ~1 1178 + 292 1.13+0.5 8
E Tatll—GFP2 ~1 1165 + 305 1.2+04 5
F NLS,,,-GFP, 8-22 240 + 57 08+03 13
G NLS GFP 24-56 ND ND ND

SV40~ 4

Abbreviations: D/W passive diffusion parameter (mean + SD values, defined
in Materials and Methods and Results); GFP, green fluorescent protein; Keq,
ratio between nucleoplasmic and cytoplasmic fluorescence (range of reported
values); N, number of cells examined; ND, no data; NLS, , nuclear localization
signal of the simian virus 40; 7., time constant of nuclear fluorescence
recovery (mean * SD values).

GFP

GFP,

N LSSV40

Figure 2 Cargo-dependent sub-cellular localization. Sub-cellular locali-
zation of Tat-tagged cargoes imaged by confocal microscopy: (a) Tat11-
green fluorescent protein (Tat11-GFP) and (b) Tat11-GFP, are uniformly
distributed between compartments (cargo molecular weight (MW) is
under the limit for passive diffusion), whereas (c) Tat11-GFP, is excluded
from the nucleus (cargo MW above the limit for passive diffusion). In con-
trast, nuclear localization signal of the simian virus 40 (NLS,, )-tagged
cargoes are predominantly localized in the nucleus of expressing cells. In
particular, the nuclear accumulation of these constructs is proportional to
the increasing MW of the cargo (compare sub-cellular localizations in d—f).
In fact, these proteins are actively and rapidly imported by specific carriers,
and their nucleus-to-cytoplasm passive diffusion is progressively impaired.
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Finally, we analyzed the sub-cellular localization of NLS_, -
tagged constructs. A markedly different behavior was observed
(Figure 2, lower panels). In this case, all GFP cargoes were success-
fully imported and, consequently, under physiological conditions,
were predominantly detected in the nucleus (K > 1, “C;” “E” and
“G” in Table 1). It is worth noting that nuclear accumulation of
NLS,,-based constructs was even more marked with increasing
cargo MW (compare sub-cellular localizations in Figure 2d-f).
This peculiar behavior can be linked to the fact that although
both large and small proteins are rapidly imported owing to the
NLS-specific active processes, their nucleus-to-cytoplasm passive
diffusion is impaired by the increasing cargo size.

Nuclear permeation upon energy depletion

Selectively to monitor the role of active processes in determining
the nuclear permeation of the proteins tested, we analyzed their
sub-cellular localization in response to energy depletion. Intra-
cellular adenosine triphosphate/guanosine triphosphate stores
were depleted by incubating cells with 2-deoxy-p-glucose and
sodium azide in glucose-free medium. Within 30 minutes of this
treatment, most cells lost Mitotracker staining (Figure 3k and 1),
indicating that their mitochondria were no longer active.”* We
found that when cells expressing NLS , -GFP were incubated in
the energy depletion medium, fluorescence rapidly equilibrated
between nucleus and cytoplasm (Figure 3b). This behavior is

—ATP +ATP —ATP

Growing cells

Growing cells

Figure 3 Nuclear permeation on energy depletion. (a) The func-
tional nuclear localization signal (NLS) of simian virus 40 is able to
accumulate green fluorescent protein (GFP) cargo into the nucleus
under physiological conditions (growing cells). (b) After 30 minutes
of energy depletion treatment, NLS,-GFP equilibrated between
nucleus and cytoplasm (-ATP). (c) Within 10-15 minutes after shift-
ing the same cell back to physiological conditions, active nuclear
import was restored (+ATP). (d, e) Similar energy depletion assays did
not alter the sub-cellular localization of Tat11-GFP. Scale bar: 10um.
(f-h) Accordingly, we observed that NLS,,-GFP, localization was
reversibly modulated by energy depletion assay, (i, j) While Tat11-GFP,
localization was not altered by the same treatment Scale bar: 10um.
(k) Under physiological conditions, Mitotracker is selectively seques-
tered by active mitochondria. (I) Within 30 minutes after treatment with
2-deoxy-p-glucose and sodium azide, a 60-70% decrease in Mitotracker
staining is observed, indicating mitochonderial failure. Scale bar: 10 um.
ATP, adenosine triphosphate.
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consistent with the dominant NLS-mediated nuclear import:
when the latter is blocked by energy depletion, NLS_  -GFP
passive diffusion to the cytoplasm can successfully restore a
homogeneous intracellular distribution. Notably, this behavior
is reversible: within a few minutes of shifting cells back to physi-
ological conditions, fluorescence was again predominantly local-
ized in the nucleus (Figure 3c). The same treatment showed no
effect on Tat11-GFP sub-cellular localization (Figure 3d and e),
providing the first evidence that Tat11-driven cargo trafficking is
an energy-independent mechanism.

We performed analogous measurements on NLS  -GFP,
and Tat11-GFP,. As shown in Figure 3f-h, NLS_  -GFP, equili-
brated between nucleus and cytoplasm under energy deple-
tion conditions and promptly accumulated in the nucleus when
active import was restored. Once again, however, the same treat-
ment showed no effect on Tatl1-GFP, sub-cellular localization
(Figure 3i and j). Analogously to Tat peptide constructs, isolated
GFP and GFP, showed no energy-dependent sub-cellular distri-
bution (data not shown), as expected for these passive diffusion
benchmark proteins. Comparing the behaviors displayed by Tat11
constructs and the two benchmarks provides a further indication
of a dominant passive diffusion mechanism for the Tat peptide
across the NE.

Dynamic model for nuclear/cytoplasmic exchange

We addressed the quantitative aspects of the nuclear/cytoplasm
exchange by means of a set of time-resolved experiments analyzed
using a dynamic model that includes both reversible passive dif-
fusion between the two compartments and active nuclear import
of proteins from the cytoplasm (Supplementary Figure S1). The
passive diffusion flux plays a role in the case of proteins that are
characterized by an MW less than the nuclear pore exclusion
limit. Active transport flux must be included when NLS properties
need be included. We did not include nucleus-to-cytoplasm active
transport processes in our dynamic model. Each contribution is
characterized by one transport parameter: D/W for passive dif-
fusion and v*/C? for active transport. It is worth noting that D/W
is a purely dynamic parameter, specific to the diffusing protein,
whereas 1°/C? depends both on the NLS-induced nuclear import
rate (v°) and on the expression level in the cytoplasm (C?). These
parameters can be experimentally determined by studying the
FRAP of nuclear and cytoplasmic compartments.

FRAP analysis of nucleus/cytoplasm exchange:

passive diffusion

Constructs encoding for untagged GFP proteins were investigated
first to provide the passive diffusion benchmark parameters. The
fluorescence of the nuclear compartment of CHO K1 cells tran-
siently transfected with GFP was photobleached by irradiating
a single point with high laser power for 8 seconds. The subse-
quent fluorescence recovery was recorded by time-lapse acqui-
sition at 20-second intervals (Figure 4a). As photobleaching is
an irreversible process, the fluorescence recovery in the nucleus
is attributable to the influx of unbleached GFP molecules from
the cytoplasm, in equilibrium with the efflux of bleached mol-
ecules from nucleus to cytoplasm (compare green curves on open
and filled circles in Figure 4e). Indeed, the fluorescence in the
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Figure 4 In vivo fluorescence recovery after photobleaching (FRAP)
analysis of reversible passive diffusion and active nuclear import.
(@) Fluorescence recovery after nuclear photobleaching as green fluo-
rescent protein (GFP) diffuses from cytoplasm to nucleus. Nuclear fluo-
rescence (pre-bleaching panel, white arrow) was photobleached by
irradiating a single point with high laser power for 8 seconds. Recovery
was recorded by time-lapse imaging: selected images are reproduced, with
the corresponding time of acquisition. Scale bar: 10um. (b) As in a, FRAP
analysis of nucleus/cytoplasm exchange of GFP, (16-second single-point
bleaching). Scale bar: 10 um. (c) FRAP analysis of actively imported nuclear
localization signal of the simian virus 40 GFP (NLS,,, -GFP). Nuclear fluo-
rescence (pre-bleaching panel) was photobleached by irradiating a single
point with high laser power for 10 seconds, and subsequent recovery was
monitored by time-lapse imaging: selected images are reproduced, with
the corresponding time of acquisition. Scale bar: TO0um. (d) As in ¢, FRAP
analysis of actively imported NLS,, -GFP, (18-second single-point bleach-
ing). The intensity of post-bleaching images has been adjusted to show
the fluorescence recovery signal better. (e) Time course of nucleoplasmic
fluorescence recovery (filled green circles) for the cell shown in a. Cyto-
plasmic fluorescence concomitantly decreases as GFP diffuses from cyto-
plasm to nucleus (open green circles). This symmetric process shows the
same kinetics, yielding a time constant () of approximately 70 seconds
for the analyzed cell (single-exponential fits are represented by continuous
black lines). Both FRAP curves are normalized by pre-bleaching values: the
asymptotic value of 1 indicates that no immobile fraction of molecules can
be detected in the bleached compartment (the nucleus). (f) Kinetics of
nucleoplasmic fluorescence recovery after photobleaching for cells shown
in b—d. -values (mean + SD) are 704 + 8 seconds (GFP,, green triangles),
230 £ 5 seconds (NLS,,,,-GFP,, yellow triangles), 54 + 2 seconds (NLS,, -
GFP, open yellow circles). As in e, the asymptotic value of 1 of recovery
curves indicates that no immobile fraction of molecules is present in the
nuclear compartment. Transport parameters for the whole population of
analyzed cells are reported in Table 1.

cytoplasm decreased as GFP diffused from cytoplasm into the
nucleus. As expected, after cytoplasm photobleaching, cytoplasm
fluorescence recovered concomitantly with a decrease in nuclear
fluorescence (Supplementary Figure S2). Consistent with the
hypothesis of an effective nucleus/cytoplasm exchange, the kinetic
characteristics of cytoplasm fluorescence recovery resembled
those of the nucleus (data not shown). Also, as we are dealing
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with restricted exchange between two well-mixed compartments
(the nucleus and the cytoplasm) and the boundary properties
(i.e., the permeability properties of the nuclear membrane owing
to the finite number of nuclear pores) mostly influence the diffu-
sive recovery kinetics, the post-bleaching concentration dynam-
ics is described by exponential decays.”*** Indeed, the kinetics of
fluorescence recovery in all measured cells was accurately fitted
by a single exponential function (fit errors were always found to
be in the range 1-5%) whose time constant (7) expresses the rate
of the protein shuttling across the nuclear membrane.

Results from the whole population of analyzed cells yielded
a 7-value of 77 * 19 seconds (“A” in Table 1) for GFP shuttling.
All recovery curves were normalized taking into account the pre-
bleaching fluorescence values, to estimate the amount of immo-
bile fraction within the bleached compartment. The asymptotic
value of 1 in Figure 4e and f indicates that the pool of nuclear
proteins was completely exchangeable with the cytoplasm, as
expected for a protein that does not interact with any sub-cellular
substrates. These findings are in agreement with published data
addressing GFP passive bi-directional diffusion across the nuclear
membrane.

We performed analogous FRAP measurements to evaluate
nucleus/cytoplasm shuttling of isolated GFP, in the same condi-
tions (Figures 4b and f). Nuclear fluorescence was photobleached
by irradiating for 16 seconds a single point with high laser power.
The subsequent recovery was monitored by time-lapse imaging
at 60-second intervals. We obtained an overall 7-value of 1,178 +
292 seconds (“D” in Table 1). This slower recovery rate of pas-
sively diffusing GFP, (compared with GFP) is expected, as its MW
is close to the estimated molecular cut-off size for passive diffu-
sion through the NPC (i.e., ~60-70kd)*?® and is in good agree-
ment with recently reported in vivo analyses.” Cytoplasmic FRAP
measurements yielded almost identical recovery rates (data not
shown), providing additional evidence of symmetric nucleus/
cytoplasm shuttling. As for the case of single-GFP cargo, we
reported no detectable immobile fraction of fluorescent proteins
in the bleached compartment.

Our dynamic model allowed us to calculate the characteris-
tic diffusion parameters (D/W) of GFP benchmarks. The D/W
value for GFP is more than 10 times that for GFP, (“A” and “D”
in Table 1) as a consequence of the reported shuttling time con-
stants. In both cases, the concentration of the diffusing proteins in
the nucleoplasm and the cytoplasm was the same before bleach-
ing and asymptotic after bleaching (K, = 1). On the basis of our
kinetic analysis (see Equation [7] in Supplementary Materials
and Methods), we can conclude that no active nuclear import
contribution was detectable (v*/C? = 0 um?/s).

FRAP analysis of nucleus/cytoplasm exchange:

active import

We quantitatively investigated NLS_  -driven transport to
determine the rates of active import compared with passive dif-
fusion. NLS, , -GFP nuclear fluorescence was photobleached by
irradiating for 10 seconds a single point with high laser power.
The subsequent recovery was monitored by time-lapse imaging
at 30-second intervals (Figure 4c). Figure 4f shows the nuclear

fluorescence recovery data of NLS_ , -GFP (open yellow circles)
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and the corresponding single-exponential fit. From the kinetic
analysis of the whole FRAP dataset we found that active nuclear
import is characterized by a recovery time constant of 60 +
3 seconds (“C” in Table 1). From the whole population of cells
examined we derived a characteristic v°/C2value of 10 + 4.5 um?*/s
for NLS , -GFP active import and a D/W value of 5.2 + 0.6
seconds for its concomitant reversible passive diffusion (“C” in
Table 1).

As for the case of single-GFP cargoes, we tested the influence of
molecular size on the NLS-driven nuclear import kinetics. To this
end we performed FRAP analysis of NLS_  -GFP,. Nuclear fluo-
rescence was photobleached by 18-second single-point irradiation
with high laser power, and the subsequent recovery was moni-
tored by time-lapse imaging at 30-second intervals (Figure 4d).
NLS,,,,-GFP, active import is approximately five times faster than
isolated GFP, shuttling across NE (Figure 4f). Overall 7-values are
reported in “D” and “F” in Table 1. By means of our kinetic model
we calculated a v/C? value of 8.2 + 3 um?/s, revealing that active
import is not much affected by a twofold increase in cargo size.
Reversible passive diffusion was slowed down by NPC restriction
(D/W parameters in “F” in Table 1).

FRAP analysis of Tat11-cargoes:

nucleus/cytoplasm exchange

Having set the benchmark values for purely diffusive and active
transport-dominated constructs, we established nucleus/cytoplasm
exchange parameters for Tatll-tagged cargoes. The sub-cellular
localization of Tat11-tagged proteins is not that typical of the NLS-
tagged ones, and this makes it possible to investigate the behavior
only of constructs that are below the passive diffusion limit (i.e.,
Tat11-GFP and Tat11-GFP,).

For Tat11-GFP, we must take into account its observed nucle-
olar accumulation. In this case, nuclear fluorescence recovery
kinetics is the result of two distinct processes: Tat11-GFP trans-
fer across the NE and its nucleolus/nucleoplasm exchange. We
found that communication between nucleoplasm and nucleolus
takes place on a much shorter time-scale than shuttling across
the NE. In fact, nucleolar fluorescence reaches its plateau value
approximately 8 seconds after photobleaching (Supplementary
Figure S3). As we are interested mainly in the much slower
nucleus/cytoplasm shuttling of Tat11-GFP, we neglected nucleolar
kinetics in the analysis of FRAP data.

The fluorescence of the nuclear compartment was photo-
bleached by irradiating for 30 seconds a single point with high
laser power. The subsequent recovery was recorded by time-
lapse acquisition at 30-second intervals (Figure 5a). We obtained
T=410 = 125 seconds (“B” in Table 1). Tatl1-GFP shuttles
between nucleus and cytoplasm significantly more slowly than
GFP alone (compare recovery curves in Figure 5c and 7-values
with “A” and “B” in Table 1). Accordingly, the characteristic
dynamic parameter D/W for Tat11-GFP is five times smaller than
that of isolated GFPs (“A” and “B” in Table 1). No immobile frac-
tion was detected (see Figure 5¢ and the asymptotic fluorescence
recovery value of 1). Addition of inhibitors of proteolysis such as
chloroquine and MG132 did not change Tat11-GFP sub-cellular
distribution and inter-compartment dynamics, indicating that the
fusion protein is insensitive to the main pathways of intracellular
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degradation.?®* It is also worth noting that FRAP analysis of
Tat11-GFP and GFP in transiently transfected HeLa cells yielded
analogous results (data not shown), providing evidence that our
data are not determined by the specific cell line chosen.

The large increase of the shuttling time constant induced by
Tatl1 fusion cannot be attributed to the effect of the increase in
MW attributable to the peptide on the passive diffusion proper-
ties of GFP, as Tat11-GFP is only approximately 1.5kd larger than
isolated GFP. These results and the observed marked nucleolar
staining of Tat11-GFP suggest that the ability of this construct to
interact with cellular molecular components must be taken into
account. We further address this issue by investigating the impact
of Tat11 on the intra-compartment diffusion properties.

In the case of Tat11-GFP, shuttling, nuclear fluorescence was
photobleached by irradiating a single point with high laser power
for 30 seconds. Signal recovery was then monitored by time-lapse
imaging at 60-second intervals (Figure 5b). We obtained an overall
7-value of 1,165 + 305 seconds (“E” in Table 1). Note that, within
experimental error, this value coincides with that of isolated GFP,.
This is not surprising in light of the impact of Tat11 fusion to the
smaller construct: the addition of Tatl1 led to a modification of
the measured shuttling constant, which is a rather small fraction
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Figure 5 In vivo fluorescence recovery after photobleaching (FRAP)
analysis of nucleus/cytoplasm Tat11 cargo shuttling. (a) Fluorescence
recovery after nuclear photobleaching as Tat11-green fluorescent protein
(Tat11-GFP) diffuses from cytoplasm to nucleus. Nuclear fluorescence
(pre-bleaching panel, white arrow) was photobleached by irradiating a
single point with high laser power for 30 seconds. Recovery was recorded
by time-lapse imaging: selected images are reproduced, with the corre-
sponding time of acquisition. Scale bar: 10um. (b) As in a, FRAP analysis
of Tat11-GFP, shuttling (white arrow, 30-second single-point bleach).
Scale bar: T0um. (c) Kinetics of nucleoplasmic FRAP for cells shown in
a and b compared with the GFP recovery curve from Figure 4e. 7-values
(mean + SD) are 70 £ 0.5 seconds (GFP, green circles), 307 + 4 seconds
(Tat11-GFP, red circles), 1,006 + 34 seconds (Tat11-GFP,, red triangles).
All FRAP curves are normalized by pre-bleaching values; the asymptotic
value of 1 indicates that no immobile fraction of molecules is present in
the nuclear compartment. Transport parameters for the whole popula-
tion of analyzed cells are reported in Table 1. (d) Tat11-GFP recovery
curve (red circles, already shown in c) is here compared with the faster
active import kinetics of the corresponding nuclear localization signal of
the simian virus 40 GFP (NLS,,,.-GFP) benchmark (yellow circles, already
shown in Figure 4f).

sv40
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of the isolated GFP, 7-value, actually within the estimated experi-
mental error. Also in this case we adopted the usual normalization
procedure, and the observed asymptotic value of 1 for nuclear flu-
orescence recovery reveals that (just as for GFP, alone) the Tat11-
GFP, population is fully exchangeable between compartments
(Figure 5c¢). Our dynamic model yielded approximately the same
D/W value for the two species (“D” and “E” in Table 1). Notably,
as for isolated GFP,, we found no detectable contribution of any
active transport mechanism (v°/C2 = 0um?*/s). These results are
fully consistent with the previous observations and once again
point toward the diffusive nature of Tat11-GFP, trafficking.

FRAP analysis of protein mobility within cytoplasm

The previous section showed the impact of Tat11 on the nucleus/
cytoplasm shuttling and provided strong indications of the rel-
evance of Tat peptide interactions in determining the overall con-
struct properties. For example, it is well known that arginine-rich
motifs strongly interact with RNA molecules,***! but other mol-
ecules may play a significant role. To isolate the impact of these
interactions from NE crossing, we investigated the intra-cytoplasm
diffusion properties of our constructs. As usual, we used isolated
GFPs as benchmarks, as it is well known that these proteins have
no interactions with sub-cellular substrates. In these experiments
we bleached a small region (=7 um diameter) of the cytoplasm

a Zoom x3.3

Zoom x32
S ¥ W Gt A Ghate® S RSV
Pre-bleach Os 0.22s 46s
b c
(0] [0
I 1.0 < 1.0
[ Q
o (5]
o0 [}
<] <
c 0.9 S 0.9
3 E
B = GFP
N N - -
Sosf S o8 Tat11-GFP | .
£ £
2 2
0.7 0.7
0123 4586 7 89 01 23 4586 7 89

Time (s) Time (s)

Figure 6 Protein mobility within cytoplasm: bleaching of a uniform
disk. (@) An image of the whole cell was recorded to monitor the fluo-
rescence signal before bleaching (zoom x3.3 panel; scale bar: 10 um).
A selected region within cytoplasm (dark square) was then imaged
(zoom %32 panel; scale bar: 3.5um) and a circular area of 3.5-um radius
was photobleached using 476-, 488-, and 514-nm light at maximum
power. Fluorescence recovery was then monitored at 220-millisecond
intervals for approximately 8 seconds using 488-nm excitation at low
power: selected images are reproduced with the corresponding time of
acquisition. (b) Characteristic recovery curves of green fluorescent pro-
tein (GFP) (open circles) and GFP, (filled circles). Data are normalized as
described in the text; the asymptotic value of 1 reveals that no immobile
fraction is present in the cytoplasmic bleached region. Fitting to Equa-
tion [3] (solid black lines) yielded the D values of 19 + 4um?/s for GFP
and 14.3 + 1.5um?/s for GFP, (mean # SD values). Diffusional param-
eter analysis of the whole population of examined cells is reported in
Table 2. (c) Characteristic recovery curve of Tat11-GFP (filled triangles,
D =3.9 £ 0.2um?/s) compared with GFP (open circles, D =19 £ 4um?/s).
Overall statistics are reported in Table 2.
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Table 2 Diffusion parameters derived from cytoplasmic FRAP measure-
ments

Row Protein D (um?/s) K, N
A GFP 20+5 0.67 £0.17 39
B Tat11-GFP 59+15 0.68 +0.17 31
C GFP, 13.8£55 0.61 £0.11 50
D Tat11-GFP, 4+1 0.72 £ 0.07 19

Abbreviations: D, effective diffusion coefficient within cytoplasm (mean + S
values); GFP, green fluorescent protein; K, bleaching parameter (mean + S
values); N, number of cells examined.

D
D

by irradiation with a 220-millisecond high-intensity laser pulse
and monitored the recovery process by fast time-lapse imaging
(Figure 6a). The speed of recovery of fluorescence is correlated to
the mobility of the fluorescent reporter, with a faster time course
being associated with a larger diffusion coeflicient.'® Fluorescence
recovery in all the measured cells was accurately described by
Equation [3] (solid lines in Figure 6b and c). We derived the effec-
tive diffusion coefficient (D) of the molecule in cytoplasm and
the value of the bleaching parameter K| (related to the bleaching
depth) for all the proteins tested. Note that the K value is approxi-
mately the same for all the proteins tested (Table 2), as expected
for a parameter that depends only on the nature of the fluorophore
(GFP) and the experimental parameters adopted (unchanged in
the cytoplasmic FRAP measurements).*

We obtained D = 20 = 5um?*/s for GFP and D = 13.8 £ 5.5
for GFP, (“A” and “C” in Table 2). These values are in agreement
with previously reported data for GFP diffusion in CHO cell
cytoplasm®® and for both GFP monomer and dimer diffusion in
COS-1 cell cytoplasm.”

The fusion with Tat11 significantly changes the diffusivity. We
obtained D = 5.9 £ 1.5um?/s (“B” in Table 2) for Tat11-GFP and
D =4+ 1um?/s for Tat11-GFP, (“D” in Table 2).

This large change far exceeds what could be induced by the
simple addition of 1.5kd and confirms the previous indication
that fusion with Tat11 leads to increased interactions. Note, how-
ever, that Tat peptide is not immobilized within the cytoplasm, as
we measured a complete fluorescence recovery after bleaching of
a uniform disk (Figure 6c).

DISCUSSION
In this work we addressed the intracellular dynamics of intact
Tat peptide cargoes in living cells by means of FRAP analysis. The
mechanism of Tat peptide-driven nuclear permeation was iden-
tified, together with the potential and the limitations of Tat as a
molecular carrier from the point of view of cargo size. These results
complement the large number of studies that investigate Tat as a
vehicle for trans-cellular protein delivery. These latter studies indi-
cate that the conjugation of non-permeant molecules to the Tat
peptide allows their cellular uptake and can lead to the desired
biological response, consistent with peptide cargoes actually reach-
ing the cytosol intact and with their full biological functionality.
The sub-cellular localization of expressed Tatll-based con-
structs was first investigated and compared with the corresponding
passive diffusion and active import benchmarks: isolated GFPs
and NLS_  -tagged constructs, respectively (Figure 2). Tatll-

SV40
tagged proteins showed unambiguously the same localization as
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their passive diffusion counterparts. In particular, Tat11-GFP,
with a cargo above the diffusion limit was excluded from the
nucleus, revealing that Tat peptide is not able to transport large
cargoes to this compartment. In contrast, the functional NLS
of SV40 displayed nuclear localization of cargo proteins. Tat11l
behavior is consequently not consistent with the assumption that
active transport is the dominant nuclear localization mechanism
of the peptide. We then tested the hypothesis that passive diffu-
sion might be the dominant mechanism in our experiments by
analyzing the influence of energy depletion. In fact, adenosine
triphosphate is required for the active transport mechanism, as
shown for the case both of intact cells and of cell-free systems.****
Also for this test, we used NLS_ , -tagged constructs as bench-
marks for active import from the cytoplasm into the nucleus. It
is worth noting that the models so far proposed, including for the
present case, of Tat peptide-mediated nuclear import do demand
metabolic energy in the form of adenosine triphosphate, inde-
pendent of the specific molecular model proposed.’®” Our data
show that NLS_  -GFP (and NLS , -GFP,) were not imported
into the nucleus upon energy depletion, whereas Tat11-GFP (and
Tat11-GFP,) sub-cellular localization was not affected by the same
treatment (i.e., re-localization was not observed) (Figure 3a).
Taken together, these findings lead to the conclusion that the
mechanism underlying Tatl1 nuclear permeation is passive dif-
fusion. This is in contrast with previously reported in vitro stud-
ies that have highlighted the relevance of active processes in Tat
peptide-driven nuclear import'®'” and prompted us to consider
the detailed experimental conditions of these studies. In partic-
ular, we believe that the impact of the non-physiological condi-
tions characteristic of import assays in permeabilized cells should
be carefully evaluated. For example, one important issue in such
experiments is the absence of co-factors that can influence Tat
peptide properties. Specifically, although we cannot exclude the
idea that Imp-f3 may be one interacting partner of Tat peptide, our
data demonstrate that, if at all present, this interaction does not
lead to a detectable energy-dependent route of nuclear import.
A likely explanation is that the interaction between Imp-f (or any
other suitable carrier) and Tat peptide is efficiently inhibited by
other cellular substrate molecules such as RNAs. Indeed Friedler
et al. reported a strong inhibition of Tat peptide nuclear import
by the addition of cytosolic factors (including RNA and Imp-a)*
that usually leak out of the cells during cell permeabilization. It
is well established that arginine-rich sequences strongly interact
with RNA molecules. For instance, it has been demonstrated that
continued ribosomal RNA synthesis is involved in Rev nucleolar
accumulation.”® Moreover, it was shown that the arginine-rich
sequence of Rev has a much higher affinity for RNA molecules
than it does for the Importins®* and that cellular RNAs are able
efficiently to block its Imp-f nuclear import.*® We conclude that
our in vivo assays that largely preserve physiological interactions
of the Tat peptide show that Tat peptide properties are not domi-
nated by interaction with import carriers.

Once we had established that passive diffusion dominates
Tatll cargo trafficking, we quantitatively defined the transport
parameters of this route and investigated the limitations of Tat11
peptide as a molecular carrier from the point of view of size and
type of acceptable cargo molecule. We addressed this point by
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in vivo FRAP analysis. The real-time dynamics between nucleus
and cytoplasm of passive diffusion and active import benchmark
proteins was first investigated (Figure 4). By irreversibly photo-
bleaching the protein within one compartment and measuring
the rate of fluorescence recovery, we found that active import is
faster than passive diffusion (see 7-values in Table 1). This effect is
particularly evident for NLS_  -GFP,: despite a twofold increase
in cargo size, its active import time constant is approximately five
times smaller than that of the corresponding passive diffusion
dynamics of isolated GFP..

FRAP analysis of Tat11-GFP and Tat11-GFP, revealed that
these proteins shuttle bi-directionally between the two compart-
ments, with the same values applying to cytoplasm-to-nucleus
transfer (signal recovery after nuclear photobleaching) and
nucleus-to-cytoplasm transfer (signal recovery after cytoplasm
photobleaching) (Figure 5). We must underline that this sym-
metry is in line with our conclusion that passive diffusion gov-
erns Tatll cargo inter-compartment trafficking. For the case of
Tat11-GFP, in particular, Tat11 fusion led to the observation of a
sizable increase in 7-values (from 77 + 19 to 410 + 125 seconds).
We have already argued that this increase cannot be attributed to
the increase in MW brought about by the peptide on the passive
diffusion properties of GFP, as Tat11-GFP is only approximately
1.5kd larger than isolated GFP. These results once again must be
linked to the ability of Tat peptide to interact with cellular molecu-
lar components. The impact of these interactions is not apparent
in the case of GFP, constructs because of the large -value for the
isolated GFP,, determined by its size. We were able better to isolate
the impact of Tat11 fusion for both constructs by investigating the
effect of Tat11 on the intra-compartment diffusion properties. This
was performed by photobleaching proteins within defined cyto-
plasm regions and monitoring the recovery process (Figure 6).
Consistent with our conclusion of important Tat peptide-induced
interactions, the Tat peptide sequence was shown to reduce the
measured diffusion coeflicients for both cargoes (for GFP: from
20 to 5.9; for GFP,: from 13.8 to 4.0). No immobile fraction was
observed. Taken together, these data indicate that the Tat peptide
can significantly reduce intra-cytoplasm mobility much beyond
the effect of its own size owing to its molecular interactions with
cellular substrates (e.g., RNA).

Our results provide useful insight into the nature of tar-
get molecules available for Tat peptide-driven nuclear delivery.
First, our analysis shows that protein cargoes exceeding the size-
threshold value for passive diffusion through the NPC will not
gain access to the nuclear compartment. This is confirmed by the
data published by Nitin et al.** These authors reported evidence
that a Tat peptide-linked molecular beacon containing strep-
tavidin is efficiently targeted to the cell cytoplasm but substan-
tially excluded from the nucleus.” Moreover, results reported by
Neumann et al. show that peptides containing the relevant Rev
and Tat motifs conjugated with fluorescently labeled bovine
serum albumin (66kd) are not able to perform nuclear import
upon cytoplasmic microinjection, in contrast to the nuclear
accumulation observed using the NLS of SV40.%

Nonetheless, it must be noted that molecular cargoes up
to 55kd (namely, the size of GFP,) can successfully reach the
nucleus through the passive route unveiled here. Even though
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the emerging picture of the Tat peptide passive diffusion route
demands a re-evaluation of the nature and size of acceptable
target biomolecules for delivery purposes, we believe that sig-
nificant areas of application do exist and that these limitations
can be overcome by rational analysis and engineering of peptide
structure.

MATERIALS AND METHODS

Construction of expression vectors. The expression vector encoding
for EGFP protein was generated by polymerase chain reaction (PCR)
amplification of EGFP template (pEGFP N1, Clontech, Mountain View,
CA). Primers were all purchased from Sigma-Genosys (St. Louis, MO)
and was inserted into HindIII-EcoRI sites of pcDNA3.1(+) vector from
Invitrogen (Carlsbad, CA). For the construction of the plasmid encoding
for EBFP-EGFP proteins, a first fragment generated from PCR amplifica-
tion of EBFP template (p-EBFP C1 Clontech, Mountain View, CA) was
inserted into HindIII-BamHI sites of pcDNA3.1(+) vector. The second
EGFP was cloned by two steps of PCR amplification into BamHI and Xbal
sites, introducing a spacer linker of 17 amino acids (ASGGGGGLVPR
GSASGA) between the two EGFP sequences. The template used for PCR
derived from p-EGFP N1 by Clontech.

To obtain the construct p-E'GFP-EGFP-tdTomato, the E'GFP tem-
plate (an EGFP containing the mutations T65S T203Y) was inserted into
HindIIl and BamHI sites of pcDNA3.1(+) including a streptavidin tag
(MASWSHPQFEKGA) at the amino-terminal of the E!GFP. A second
EGFP (template p-EGFP N1 Clontech) was introduced by PCR amplifica-
tion in BamHI and EcoRI sites. Finally, the tdTomato template, obtained
from Roger Y. Tsien’s laboratory," was amplified by PCR introducing an
EcoRI site in the 5" and an Xbal site in the 3’ extremity.

Constructs with Tat11 sequence used in this study were based on the
Tat11-EGFP sequence cloned in pGEX2T plasmids described by Ferrari
et al.** The fragment encoding for Tat11-EGFP protein was cut by BamHI
and EcoRI and sub-cloned in pcDNA3.0 vector (Invitrogen, Carlsbad,
CA). Subsequently, a HindlIII restriction site in the multiple cloning site
was destroyed by mutagenesis using the QuickChange Kit (Stratagene,
La Jolla, CA). The sense primer used to remove the HindIII site was
5’"CTATAGGGAGACCCTCGCTTGGTACCGAGCTC3'. The antisense
primer had the respective reverse complementary sequence.

The unique HindlIII restriction site between the Tatll and EGFP
sequences was used to engineer the following cargo constructs. Tatl1-
EBFP-EGFP and Tat11-E'GFP-EGFP-tdTomato constructs were obtained
by sub-cloning EBFP-EGFP and E'GFP-EGFP-tdTomato in Tat11-EGFP
plasmid cut by HindIII-Xbal to remove the EGFP sequence.

NLS,,,,-EGFP plasmid was constructed by two rounds of multiple
point mutations onto the sequence of Tatl1-EGFP plasmid using the
QuickChange Kit (Stratagene). The two primers used in the mutagenesis
reactions to transform the Tat11 amino acid sequence in the NLS of SV40
were 5’GGATCCATGTATCCCAAGAAGAAGCGGAAAGTGCGACGA
AGA3’ and 5GAAGCGGAAAGTGGAAGACCCAAAGCTTATAGTGA
GC3'. Antisense primers had reverse complementary sequences. NLS_ -
EBFP-EGFP and NLS,,  -E'GFP-EGFP-tdTomato plasmids were con-
structed by replacing the EGFP sequence of NLS , -EGFP plasmid with
EBFP-EGFP and E'GFP-EGFP-tdTomato derived from p-EBFP-EGFP
and E'GFP-EGFP-tdTomato, respectively (both digested with HindlIII and
Xbal restrictions enzymes).

Cell culture and transfections. CHO K1 cells were provided from the
American Type Culture Collection (CCL-61 ATCC) and were grown in
Ham’s F12K medium supplemented with 10% fetal bovine serum at 37°C
and in 5% CO,. For experiments performed in HeLa (ATCC catalog num-
ber CCL-2) cells were growth in Dulbeccos modified Eagle’s medium
containing 10% (vol/vol) fetal bovine serum and supplemented with gluta-
mine and penicillin/streptomycin.
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The transfections of all constructs were carried out using Lipofecta-
mine reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. For live imaging, 12 X 10* cells were plated 24 hours before
transfection onto a 35-mm glass-bottom dish (WillCo-dish GWSt-3522).

For energy depletion studies, cells were incubated for 30 minutes at
37°C in glucose-free Dulbeccos modified Eagle’s medium (Invitrogen,
Carlsbad, CA) containing 10% fetal bovine serum and supplemented
with 10mmol/l sodium azide and 6 mmol/l 2-deoxy-p-glucose (Sigma,
St. Louis, MO). After this treatment, the energy depletion medium was
replaced by Dulbecco’s modified Eagle’s medium, as used in normal grow-
ing conditions.

Immunoblotting. Expression of all constructs was confirmed by western
blotting. Lysis was performed in a buffer containing 1% Triton X-100,
50 mmol/l HEPES (pH = 7.5), 150 mmol/l NaCl, 10% glycerol, 1.5 mmol/l
MgCl,, 5mmol/l EGTA, 10pg/ml aprotinin, 10 ug/ml leupeptin. Lysates
were then analyzed by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis and transferred onto nitrocellulose filters. For western blot-
ting procedures, filters were incubated with anti-GFP monoclonal
antibody (JL-8, Clontech, Mountain View, CA) and immunodetected
with anti-mouse horseradish peroxidase—conjugated secondary antibodies
(Amersham Biosciences, Little Chalfont, UK).

Fluorescence microscopy and image analysis. Cell fluorescence was
measured using a Leica TCS SP2 inverted confocal microscope (Leica
Microsystems AG, Wetzlar, Germany) interfaced with an Ar laser for
excitation at 458, 476, 488, and 514 nm, and with an HeNe laser for excita-
tion at 543 and 633 nm. Two-photon excitation of the sample at 760 nm
was accomplished by means of an NIR Mira laser (Coherent, CA) with
76-MHz repetition rate and 80-fs laser pulse at source. Glass-bottom Petri
dishes containing transfected cells were mounted in a thermostated cham-
ber (Leica Microsystems) and viewed with a 40 X 1.25 numerical aper-
ture oil immersion objective (Leica Microsystems). Live cell imaging was
always performed at 37°C. The images were collected using 10-20-uW
excitation power at the sample and monitoring the emission by means
of the AOBS-based built-in detectors of the confocal microscope. The
following collection ranges were adopted: 400-450nm (Hoechst), 500
550nm (GFP), 580-650nm (tdTomato), and 650-750nm (Mitotracker,
Invitrogen, Carlsbad, CA). The background signal has been subtracted
from all images. Data were analyzed using the Leica Imaging package,
version 2.61, and an implementation of the Igor-Pro software package.

FRAP experiments: nucleus/cytoplasm shuttling. Each FRAP experiment
started with a four-time line-averaged image of the cell followed by a
single-point bleaching (non-scanning) near the center of the nucleus with
a laser pulse at full power (150 uW) for the minimum time required to
photobleach most of nuclear fluorescence. Fluorescence of the cytoplasm
was photobleached by performing repeated scans of the whole cytoplas-
mic region with the laser at full power. In each case recovery was mea-
sured by starting a time-lapse acquisition within a few milliseconds from
the end of bleaching (sampling rate has been tailored to the speed of fluo-
rescence recovery of the tested protein). Each image of the recovery was
four-time line-averaged. Image size was 512 x 512 pixels and scan speed
was usually set to 400 Hz. The pinhole size was set to the optimal value of
1.0 Airy (corresponding to an 81.44-um confocal aperture). According
to our model of nucleocytoplasmic exchange (Supplementary Materials
and Methods), collected FRAP curves for both compartments were fitted
to mono-exponential equations of the form

F.(t)=F7 + B, -exp(-t/1), 1)

Fy(t)=F + By -exp(-t/1), (2)

where F (f) and F (t) are the fluorescence values at time ¢ of cytoplasm
and nucleoplasm, respectively. The three fitting parameters in each equa-
tion refer to the asymptotic fluorescence (Fg, FY), the dynamic range of
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recovery (B and B, ), and the time constant of exponential decay/recovery
(7). Before fitting, the experimental values of fluorescence were normal-
ized by the fluorescence of the entire cell at the same time, to minimize
the effect of cell motility and de-focusing on the recovery curves and to
correct for bleaching caused by imaging. Moreover, data were normalized
by pre-bleaching fluorescence values to verify the presence of an immobile
fraction of fluorescent molecules within the bleached compartment.

FRAP experiments: bleaching of a uniform disk. FRAP measurements
were carried out by setting the image format to 64 X 64 pixels, optical
zoom to x32 (resulting pixel width of 183 nm), and pinhole to full open
position (7.36 Airy). Scan speed was set to 1,000 Hz in double scanning
mode. At least one image was recorded to monitor the fluorescence sig-
nal before bleaching. A circle area of 3.5-um radius within cytoplasm
was photobleached using 476-, 488-, and 514-nm light at maximum
power (87, 350, and 350 uW, respectively). The photobleaching was
completed in approximately 220 milliseconds. Fluorescence recovery
was then monitored at 220-millisecond intervals for approximately
8 seconds using 488-nm excitation at 10 tW. Recovery curves have been
normalized by a prior time-lapse imaging of the same region without
the bleaching step, to verify the presence of an immobile fraction of flu-
orescent molecules within cytoplasm. Data have been analyzed accord-
ing to the model proposed by Braeckmans et al.,* which describes the
fluorescence recovery process for a disk-shaped geometry that is photo-
bleached by the scanning beam of a confocal scanning laser microscope.
Accordingly, the fluorescence inside the bleached disk (F, ) in the case
of a fully opened confocal aperture can be calculated from

Fu S —K,)
7:1_'_ Z(—O)

0 "=l (1+n)+8—D2tn
Zy

e o

where F,is the total fluorescence inside the disk before bleaching, K, is
the bleaching parameter (which can be explicitly written in terms of the
specific bleaching rate of the fluorophore and zoom setting of the confocal
scanning laser microscope),” D is the diffusion coefficient, w is the radius
of the bleached disk, and zis the axial resolution of the laser point spread
function. We experimentally determined the z, of our confocal setup
(0.7 um) and fixed the same w value for all FRAP measures (3.5pum). In
contrast, K and D were regarded as fitting parameters.

Determination of transport parameters. The ratio between the protein
concentration in the nucleoplasm and cytoplasm (K_) was determined
by taking the ratio between the nuclear (F)) and cytoplasmic fluorescence
(F?) before bleaching, i.e., ch = Fy/F . Nuclear volume (V) was calculated
by assuming an ellipsoid shape for the nucleus with semi-axes dx, dy, and
d_, by means of the formula V| = (4/3) - m-d_- dy- d_. The three axes were
estimated from confocal images of nucleus and in most cases we set d,
equal to d , the smallest semi-axis in the horizontal plane. Cytoplasm vol-
ume was determined by the relation B.-V.=-B -V, which formalizes
the mass balance condition between the two compartments (fluorescence
is proportional to concentration of unbleached species).

Readers are referred to the Supplementary Materials and Methods for
Supplementary Equations [6, 7] which were used to obtain the diffusive
transport parameter (D/W) and the active transport parameter (+*/C) from
7K, Veand V.
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SUPPLEMENTARY MATERIAL

Figure S1. Schematic representation of the dynamic model proposed
in this study.

Materials and Methods.

Figure $2. Cytoplasmic FRAP measurements.

Figure $3. FRAP analysis of Tat1-GFP binding to nucleus.
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