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Introduction 

 
 
 
 
 
The ability to cross the cellular membrane and gain access to the cell interior or even to 
specific cellular compartments, still remain a major obstacle in current intracellular 
drug delivery. Peptide-mediated delivery of bioactive molecules can be a powerful tool 
that is actually superior to commonly-used delivery systems (liposomes, 
microinjection, electroporation, viral systems). In fact, peptide vectors guarantee high-
yield delivery, low toxicity, and the possibility to enter a wide range of target cells. 

In the search for new therapeutic strategies, a large body of work is currently 
devoted to determine whether these cell-penetrating peptides (CPPs) can act as 
molecular carriers for delivery of cargoes (e.g., proteins or nucleic acids) to relevant 
sub-cellular domains, particularly the nucleus. Nuclear localization is particularly 
significant, as it is one of the fundamental steps for gene-therapy approaches and can 
open the way to probe and modify cellular processes of utmost importance. 

Among the commonly used CPPs, the arginine-rich motif of Tat protein from HIV-1 
(sequence: YGRKKRRQRRR) has attracted much interest owing 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. Despite the variety of biotechnological applications 
for delivery purposes, however, little is known about the intracellular trafficking and 
interactions of Tat peptide-tagged cargoes. Available knowledge is based on in vitro 
assays that present contrasting results. We identified this issue as the key point to start 
our investigation of Tat-peptide transport biology. 

In this thesis I shall present a novel approach that allows us to investigate Tat peptide 
intracellular transport properties in living cells. This biological research field, in fact, 
can be supported by the recent advances in biophysical technologies and microscope 
systems, providing ideal strategies and tools for approaching problems in modern 
proteomics, like high-resolution imaging of biological processes, protein dynamics, 
and protein-protein interactions in living cells. These advances were favored by the 
discovery of the Green Fluorescent Protein (GFP), and the development of its 
derivatives. This encodable fluorophore revolutionized our ability to study protein 
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function within the complex cellular environment, and it was not surprising that it led 
to the award of the 2008 Nobel prize to Osamu Shimomura, Martin Chalfie, and Roger 
Y. Tsien. This fluorophore together with advances in imaging methods and microscope 
systems makes it easy to monitor the localization of GFP fusion proteins, as well as 
their dynamics and interactions by fluorescence methods such as fluorescence recovery 
after photobleaching (FRAP) and fluorescence resonant energy transfer (FRET). 

The combined advances in GFP biology, imaging methods and technical equipment 
are here applied to the study of Tat-cargo localization, dynamics, and interactions in 
living cells. Our efforts were aimed at engineering the wild-type sequence of Tat-
peptide (YGRKKRRQRRR, Tat11 in the following) to obtain new features relevant for 
drug-delivery purposes. The potential impact of this work on improving peptide-based 
delivery methods motivated us to develop new Tat mutants with novel transport 
properties. In particular, I shall demonstrate that the new mutants here described are 
suitable candidates for targeted nuclear delivery of cargoes in living cells. 

The following sections will be organized as follows: 
- In Chapter 1 I shall first provide a brief review of the properties of the full-length 

Tat protein as an extra- and intra-cellular HIV-1 effector. Next, I shall introduce Tat-
derived peptide as a vector for the intracellular delivery of therapeutic and diagnostic 
agents. I shall discuss what has been reported so far on Tat-peptide and clarify the key 
issues that motivated our study. 

- From Chapter 2 on I am going to report the experimental part of my thesis: first, I 
shall present the work carried out to define the intracellular transport properties of 
wild-type Tat peptide. To assess this issue we engineered GFP-based fusion proteins of 
different molecular size, both below and above the passive-diffusion size limit through 
the nuclear pore. These engineered cargoes provided a benchmark for intracellular 
passive diffusion behavior when expressed in cells and were also used as cargoes for 
prototypical active import by fusing them to the NLS of SV40. This array of cargoes, 
together with in vivo energy-depletion assays, allowed us to elucidate the mechanism 
of Tat-peptide nuclear permeation, demonstrating that it shuttles across the nuclear 
envelope (NE) by passive diffusion. These results give useful insights into the nature of 
target molecules available for Tat-peptide-driven nuclear delivery. In fact, our analysis 
shows that protein cargoes exceeding the size-threshold value for passive diffusion 
through the nuclear pore (~60-70 kd) do not gain access to the nucleus. 

- In the first part of Chapter 3 we report on the peculiar transport parameters of Tat-
cargo passive diffusion across the NE. FRAP analysis of Tat11-fused cargoes revealed 
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tagged candidate NLS-sequence and either EGFP-tagged Imp-α or Imp-β carrier 
proteins. First, we tested this approach by studying the well-known NLSSV40-Imp-α/β 
system, with a quantitative analysis of the molecular interactions taking place during 
the whole process of nuclear import. Second, we applied this method to the study of 
the TatRRR/TatGGG pair: we found that no import carriers are involved in mediating 
TatRRR-cargo nucleus/cytoplasm shuttling (in keeping with the results shown so far), 
while both Imp-α and Imp-β separately contribute to the nuclear accumulation of 
TatGGG-cargoes through direct interactions. 

- In Chapter 6 I shall summarize the main findings of this research activity and 
discuss some crucial aspects of Tat peptide transport that needs further investigation. 

 



 

Chapter 

   1 
 

Vector-based delivery strategies: from HIV-1 
Tat protein to cell penetrating peptides 

 
 
 
 
 
1.1 HIV-1 Transactivator Protein (Tat) 
The central role played by Tat in HIV replication has made it a focus of much attention 
ever since its discovery in 1985. Tat provides the first example of a protein that 
regulates transcriptional elongation in eukaryotic cells, and until Tat was discovered, 
elongation control was a relatively neglected area of transcription regulation. 
Immediately after HIV infects a target cell, the viral RNA is copied into a double-
strand DNA by the reverse transcriptase (RT) and the pro-viral genome is transported 
to the nucleus and integrated into the host-cell genome. The integrated pro-virus is then 
subjected to the regulation by cellular transcription factors, as well as its own 
regulatory proteins. 

 
 

Fig. 1.1 The overall 3-D shape of Tat. Courtesy of R. Nifosì 
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HIV transcription is controlled primarily by Tat protein. Tat regulates the viral gene 
expression through the control of transcription by the cellular RNA polymerase II 
(RNP). In the absence of Tat, initiation of transcription from the viral long terminal 
repeat (the promoter LTR) is efficient but transcription is impaired because the 
promoter induces a poorly processive polymerase activity and the enzyme disengages 
from the DNA template prematurely. Despite extensive efforts, HIV-1 Tat was not 
crystallized. The information about its three-dimensional structure is based on nuclear 
magnetic resonance (NMR)1, 2. These studies show that the Tat protein in isolation is 
largely unfolded and does not present any secondary structure (Fig. 1.1). 
 

1.1.1 Tat primary sequence: functional sub-domains 
Tat is a small nuclear protein of 86 to 101 amino acids (depending on the viral strain). 
It is synthesized from an mRNA joined from two coding exons. The first exon encodes 
amino acids 1-72, the second exon encodes amino acids 73-101 (Fig. 1.2.a). Tat 
sequence can be subdivided into several distinct regions on the basis of its amino acid 
composition 3 (Fig. 1.2.b): 
 (i) The region 1-21, corresponding to the N-terminal region, has a static structure 
with secondary profiles indicative of the presence of two ß-turns 4. This domain is able 
to bind the T-cell activation marker CD26 and the T-cell receptor CCR2 in its extra-
cellular form, facilitating T-cell activation and apoptosis 5. 
 (ii) The region spanning residues 22-37 has a highly-conserved 7 cystein motif. This 
region of Tat is of great importance for the formation of active structural domains in 
the protein 6. 
 (iii) Residues in the core region (38-46) form a highly-conserved rigid α-helix 
structure which enhances Tat binding to the transactivation-responsive region (TAR) 7. 
Chemotactic effects on monocytes are also exerted by the core region of Tat. 
 (iv) The basic region (residues 47-57, sequence: YGRKKRRQRRR) corresponds to 
the presumed nuclear localization signal (NLS) 8, 9 and the trans-activation responsive 
region binding domain of Tat protein 10. This domain is also involved in Tat-TAR 
interaction (see next section for details), owing to the high content of arginine residues 
11, 12. The Tat basic domain exhibits an additional important property: it is readily taken 
up by cells through interactions with heparan sulfate proteoglycans displayed on the 
cell membrane 13. By this mechanism this Tat-derived peptide can determine cellular 
uptake of nonpermeant molecules 14. It is a highly immunoreactive domain, interacting 
with dendritic cells and monocytes in particular 15, 16. 
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 (v) Residues 58-72 encompass a glutamine-rich region of Tat primary sequence. The 
role of this region in Tat extra- and intracellular biology is largely unknown. 
 (vi) Two short motifs are contained in the second coding exon of HIV-1 Tat 
(residues 73-101). The RGD motif acts as antagonists to integrin receptors. RGD 
peptides cause aspecific inhibition of integrins specifically interfering with platelet-
associated integrin aIII-ß3 which is an important promoter of coagulation 17. On the 
other hand, it has been proposed that the RGD motif aids in the uptake of extracellular 
Tat. 

 
 

Fig. 1.2 Primary structure of HIV-1 Tat protein. (a) Tat is synthesized from an 
mRNA joined from two coding exons. The first exon encodes amino acids 1-72, the 
second exon encodes amino acids 73-101. (b) The Tat primary sequence is here sub-
divided in functional domains (described in the text). 

 
 The second one is an ESKKKVE-motif. Despite its being highly conserved 
throughout group M subtypes, little is known about the functional or conformational 
importance of this motif. 
 

1.1.2 Intracellular Tat 
The present knowledge demonstrates the pivotal role played by Tat in the viral 
replication cycle and some fundamental details of Tat activity, mostly concerning Tat 
interaction with its cellular partners inside living cells. As mentioned above, Tat plays 
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its trans-activating role at the LTR promoter. This sequence was first described by 
Sodroski and collaborators 18 who noted that the synthesis of a reporter gene placed 
under the control of LTR was stimulated up to 200-300 folds in cells previously 
infected with the virus. Cells transfected by plasmids carrying the HIV LTR 
characteristically produce two distinct population of transcripts: a set of short, non-
polyadenilated RNAs and a set of full-length polyadenilated RNAs 19. Tat is able to 
shift the balance from the predominant short transcripts to the full-length ones 
participating in a positive feedback mechanism that ensures high levels of HIV 
transcription 19-21. The shift from short to long viral transcripts implies that Tat 
activates transcription elongation. 

The Tat/TAR interaction and the mechanism of Tat transactivation: the genetic 
element responsible for Tat activity, TAR, is located downstream of the initiation site 
for transcription 22. Tat is able to specially recognize TAR RNA 23 through its basic 
domain 11, 12. Tat recognition of TAR induces conformational changes in the RNA 
structure so that it can be contacted by other basic residues of Tat, ensuring high 
binding affinity 24. Through the interaction with TAR, Tat promotes the assembly of 
transcriptionally active complexes at the LTR site by multiple protein-protein 
interactions 25. 
 

1.1.3 Extracellular Tat 
In addition to playing its critical role as a transcription factor Tat contributes to HIV 
disease as an extracellular protein. Several groups showed that Tat can be secreted by 
infected cells 26, 27. Furthermore, extracellular Tat is readily taken up by cells through 
interactions with heparan-sulfate proteoglycans displayed on the cell surface 13. 
Subsequently, Tat can reach the nucleus and then activate a variety of cellular genes 
including cytokines such as interlukin 6 (IL-6), IL-2 and tumor necrosis factor α 28, 29 
and the CXCR4 and CCR5 cytokine co-receptors for HIV infection 30. Another 
important target for exogenous Tat is the vascular endothelium where it is able to 
induce angiogenesis and inflammation 31. Furthermore, Tat plays a role in the 
development of AIDS-related dementia 32, and also acts on different targets of the 
immune system contributing to the immune suppression in AIDS patients 33. Finally, it 
is able to transactivate the genome of other viruses favoring secondary infections 34. 

Tat as a target in AIDS therapy: Tat is considered one of the candidates for an anti-
AIDS vaccine since, among viral proteins, reaction against Tat is the quickest 35 and 
high level of both humoral and cellular immune response against Tat correlate with 
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better prognosis 35-37. Furthermore, studies on HIV transactivation are providing a 
molecular basis for drug discovery. Several groups have identified promising
“hits” that inhibit HIV replication by interfering with Tat, TAR, and cellular co-factors 
required for HIV transcription. 

Tat as a vector for intracellular delivery: Tat is also widely studied as a powerful 
tool to deliver various biological molecules within cellular compartments, bypassing 
the cell membrane. Frankel and Pabo 38 first demonstrated the ability of HIV-1 Tat 
protein to enter cells, localize in the nucleus and transactivate the HIV-1 promoter 
when simply added to the cell-culture medium. Internalization was observed in the 
absence of specific receptors and this raised the possibility of using Tat as a vector to 
deliver selected biomolecules into cells. Following this work, extensive molecular 
analysis of the Tat protein identified a short arginine-rich domain called the Tat 
protein-transduction domain (Tat-PTD), as the one responsible for the transduction 
process across the membrane 39. 
 
1.2  Intracellular cargo delivery using Tat-derived peptides 
Intracellular delivery of many therapeutic and diagnostic agents can be challenging 
since the plasma membrane forms a formidable barrier for biomolecules. The 
discovery of cell penetrating peptides (CPPs) has made it possible to transduce a broad 
range of physiologically- and therapeutically-active agents into living cells. Among 
peptides with membrane translocating activities one should mention Antennapedia 
homeodomain-derived peptide 40, Transportan 41, HSV-1 VP22 42, and HIV-1 Tat-
derived peptide (Tat47–57) 39, 43. HIV Tat peptide and its derivatives have recently 
received much attention, primarily because of their efficiency and short sequence. 
 

1.2.1 The implication of the basic cluster 
The first publication showing the ability of a Tat-protein-derived peptide to deliver 
heterologous molecules into cells was authored by Fawell et al.14 years ago 44. In this 
pioneering study, the covalent coupling of a 36-aminoacid peptide (Tat37–72) to large 
proteins (β-galactosidase, RNAse or peroxidase) was performed through a heterolinker. 
Four to five peptide molecules per protein unit were sufficient to mediate the cellular 
delivery of the covalently bound protein 44. This CPP encompassed a highly cationic 
cluster composed of 6 arginine and 2 lysine residues in the very middle of the peptide 
sequence and an α-helical structure on the N-terminal part 45. Concomitantly, an 
extensive structure-activity relationship study was performed to define which feature 
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within the Tat peptide was responsible for the cell-membrane translocating property 39. 
Several peptides carrying either partial or total deletion within the α-helical structure 
and a peptide harboring a deletion within the cationic domain of the original peptide 
were synthesized 39. It was shown, primarily by fluorescence microscopy, that the main 
determinant responsible for the translocating activity is the cationic cluster of amino 
acids. From these observations, the translocating property of the initial peptide (Tat37–72 
44) could be reduced down to the sequence encompassing the cationic cluster 
containing 8 basic charges within the amino acid linear sequence (GRKKRRQRRR, 
charged residues underlined). 
 

Tab. 1.1  Tat-derived peptides used for the cellular delivery of cargoes 

N-terminal end Core peptide C-terminal end ref 

- GRKKRRQRRR - GYK(FITC)C 46 

- GRKKRRQRRR -PPQ 47, 48 

- GRKKRRQRRR -G 49 

- GRKKRRQRRR -PPQC 50-52 

- GRKKRRQRRR -GYK(FITC) 53 

- GRKKRRQRRR -Cre protein 54 

MYG- GRKKRRQRRR -G 55 

GST protein- GRKKRRQRRR -GFP protein 56 

SGYG- GRKKRRQRRR -C 57 

MLGISY- GRKKRRQRRR -PPQT 58 

CY- GRKKRRQRRR - 48, 49 

CGISY- GRKKRRQRRR - 59 

C- GRKKRRQRRR - 60 

Biotin-Y GRKKRRQRRR - 61 

MLGISY- GRKKRRQRRR - 58 

His6- GRKKRRQRRR - 62 

Y- GRKKRRQRRR - 63, 64 

Acetyl- GRKKRRQRRR - 65 
 

It should be noted that this sequence is the common determinant in most of the 
studies performed with the Tat-truncations (see Tab. 1.1). 
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The C-terminal part of this peptide was extended by various sequences or coupled to 
different moieties: these include amino acids present in the native Tat protein 
sequence, such as the PPQ sequence but also longer cargoes in order to induce their 
cellular uptake (see Ref. 14 for an exhaustive review). The N-terminal part of this 
minimal Tat peptide was also extended by various amino acid sequences from either 
the native Tat protein sequence or again fused to different entities (Tab. 1.1 and Ref. 
14). From these different applications, no clear influence of the additional moiety fused 
either to the N-terminal or to the C-terminal end of the “core” Tat peptide could be 
related to a variable ability of the basic Tat peptide to mediate cellular uptake. 

Tat peptide is rich in cationic residues and in particular, arginines. Interestingly, the 
multiplicity of arginines is a common feature among many other membrane-permeable 
peptides. The structural aspects of arginine within a polymeric chain were investigated 
using several chemical analogues: these studies focused on amino acid chirality, the 
guanidine head group, alkyl side chain, and peptide backbone. In essence, the 
transmembrane activity of Tat peptide has been largely attributed to the high density of 
guanidine groups, whereas the remaining structural elements were found to play minor 
or no role 66, 67. 
 

1.2.2 Tat peptide and cell surface interactions 
The Tat protein binds to cell surface heparan sulfate (HS) and heparin 68, and consistent 
with its heparin-binding properties, Tat can be purified to homogeneity by heparin-
affinity chromatography 69. The group of Presta and co-workers first examined the role 
of the basic domain in the binding of Tat to heparin 16. They found that neutralization 
of the positive charges in the basic domain of Tat significantly reduces its interaction 
with the sulfate glycosaminoglycans (GAGs) of the outer cell membrane. Given the 
homology of heparin to GAGs, the observed Tat-heparin interaction could reflect the 
initial cell surface interactions of Tat with exposed surface HS proteoglycans. GAGs, 
such as HS, are distributed ubiquitously on cell surfaces as the carbohydrate 
component of proteoglycans 70. 
 

1.2.3 Tat-peptide-mediated cargo delivery 
Tat peptide binding to cell membrane is followed by a rapid translocation to the 
cytosolic side within vesicle-like structures, of which some at least are acidified 
according to colocalization studies with pH-markers 52. The fluorescence of labeled Tat 
peptides when observed in live cells is often described as being punctate or vesicular 
and only rarely as diffuse or cytosolic (see Ref. 14 for a detailed review). Labeled Tat 
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peptides were observed to be close to the membrane at early time points, progressing to 
larger aggregations with a more perinuclear-type pattern at later time points 44, 52, 56. 

There are multiple proposals for the mechanism of internalization via such 
proteoglycans, ranging from classical endocytic pathways (e.g. clathrin-coated pits or 
caveolae) to alternative routes (e.g. direct translocation through the plasma membrane). 
Taken together, the data on Tat and Tat-cargoes do not support the dominance of one 
exclusive cell entry pathway. The lack of complete inhibition by selective drugs or 
complete co-localization with known markers consistently suggests a multiplicity of 
entry pathways for this basic peptide. Aside from clathrin and caveolae, other 
mechanisms of crossing the plasma membrane include the non-clathrin/noncaveolin-
type pathway(s) (lipid rafts or microdomains, e.g., IL-2 receptor), macropinocytosis 
(platelet derived growth factor), potocytosis (folate receptor) and phagocytosis 
(specialized cells only) (Fig. 1.4). 
 

 
 

Fig. 1.4 Pathways of entry into cells. Taken from Mayor et al. 71 
 

It must be kept in mind that the Tat peptide can adhere to any negative offerings on 
the cell surface simply because of its charge and then be internalized through natural 
cell membrane recycling on regions or microdomains, presumably captured by any 
type of endocytic vesicle. Cell plasma membrane turnover continues constitutively at 
an estimated rate of ~2-5%/min 72, 73, meaning 100% of the cells surface is internalized 
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nonspecifically in less than an hour, notwithstanding the faster receptor-mediated or 
stimulated routes of uptake. 
 

1.2.4 Intracellular fate and transport properties of Tat-peptide-cargoes 
Several data indicate that the Tat peptide can determine cellular uptake of nonpermeant 
molecules and lead to the expected biological response, consistently with the 
internalization of intact peptide-cargo fusions 74, 75. 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 above, the Tat peptide is considered a putative NLS, on the basis of in 
vitro assays 8, 9. So far, two distinct classes of NLSs were identified: a single stretch of 
basic residues, exemplified by the NLS of the simian virus SV40 large tumor/antigen 
(T-ag) (PKKKRKV), or two clusters of basic residues separated by a spacer region of 
10-12 amino acids, as typified by Xenopus laevis nucleoplasmin
(KRPAAIKKAGQAKKKK)76, 77. These signals are usually recognized by the 
cytoplasmic receptor-proteins Importin-α (Imp-α) and Importin-β (Imp-β) and actively 
translocated through the pore channel 78. Briefly, Imp-α recognizes the NLS, and Imp-β 
is responsible for docking to the NPC and translocation through the pore (for a more 
detailed description of this mechanism, see chapter 5). 

Because the NLS sequence present in Tat is arginine-rich, and therefore basic, it 
might be assumed that it would mediate nuclear import via the same import pathway 
utilized by the above-mentioned prototypical basic NLSs. Truant and Cullen, however, 
proposed an active nuclear-import mechanism involving the cytosolic factor Imp-β, but 
not Imp-α, and suggested the existence of a novel class of basic NLS sequences that 
function independently of Imp-α 9. This is not a novel pathway, since many viral and 
non viral proteins are known to be delivered to the nucleus by specific binding to the 
Imp-β carrier 79-81. 

In contrast, Efthymiadis et al. reported that the Tat peptide can target a large 
heterologous protein (β-galactosidase from E.coli, 120kd) to the nucleus in the absence 
of both Imp-β and Imp-α, that nuclear import of Tat-NLS-substrate is not inhibited by 
an excess of an SV40 T antigen NLS peptide, and that the Tat-NLS fails to bind to 
either Imp-α or Imp-β. An entirely novel pathway was invoked that involves energy 
consumption and binding to nuclear components 8. 

These controversies prompted us to further investigate Tat-peptide trasport biology 
in living cells. In the following chapter I shall present a novel metodological approach 
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   2 
 

In vivo study of HIV-1 Tat arginine-rich 
motif (I): nuclear import properties 

 
 
 
 
 
In this Chapter we shall address Tat-peptide intracellular transport properties in living 
cells. The presented results impact this field both from the methodological point of 
view and from that of the specific outcome of our research with the demonstration of 
the actual Tat-peptide nuclear-import properties. From the point of view of the first 
issue here we show an in vivo approach that allows us to investigate Tat-peptide 
intracellular-transport properties without the need to perturbe the integrity of the 
cytoplasmic or nuclear membranes. More in detail, we compare Tat-peptide-induced 
transport properties to well-established passive-diffusion and active-import 
benchmarks of increasing molecular weight (MW) both below and above the threshold 
for passive diffusion through the nuclear pore. 

Thus, we show that, contrary to previous in vitro experiments that suggested the 
relevance of active processes (albeit of different detailed molecular origin 8, 9), in 
physiological conditions Tat-cargo nuclear permeation is not an energy-consuming 
process. Thus, we discuss the limitations of Tat-cargo passive-diffusion route in terms 
of acceptable cargo size. 
 

2.1 Materials and Methods 
We constructed a prototypical passive-diffusion system composed by a small-size 
protein able to freely diffuse between nucleus and cytoplasm (single GFP, 27 kd) and a 
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larger complex of 55 kd consisting of an EBFP linked to an EGFP (hereafter GFP2). In 
addition we introduced a third fusion protein, consisting of a higher MW cargo 
composed by E1GFP (a mutated EGFP derivative), EGFP and the dimeric red 
fluorescent protein tdTomato (in the following, GFP4) (Fig.2.1), whose size (110 kd) 
makes it unable to diffuse across the NPC 82. 
 

 
 
 
 
 

 
 

Fig. 2.1 GFP4-cargo characterization. (a) GFP4 is a high 
MW cargo composed by E1GFP (a mutated EGFP derivative), 
EGFP and the dimeric red fluorescent protein tdTomato. (b) 
As expected for a 110 kd protein, GFP4 is excluded from the 
nucleus (MW above the limit for passive diffusion through the 
NPC). Hoechst localization in blue. Scale bar: 10 µm. (c) WB 
analysis of GFP4 correct size upon expression: there is a 
detectable fraction of degraded fragments at lower MW, a 
result not unexpected for the case of such a complex system. 

 
 
2.1.1 Engineering of expression vectors 
The expression vector encoding for EGFP protein was generated by PCR amplification 
of EGFP template and was inserted into HindIII-EcoRI sites of pcDNA3.1(+) vector 
from Invitrogen. 

For the construction of the plasmid encoding for EBFP-EGFP proteins, a first 
fragment generated from PCR amplification of the EBFP template (p-EBFP C1 
Clontech) was inserted into HindIII-BamHI sites of pcDNA3.1(+) vector. The second 
EGFP was cloned by two steps of PCR amplification into BamHI and XbaI sites 
introducing a spacer linker of 17 aminoacids (ASGGGGGLVPRGSASGA) between the 
two EGFP sequences. The template used for PCR derived from p-EGFP N1 (Clontech). 

The NLSSV40-EGFP plasmid was constructed by two rounds of multiple point 
mutations onto the sequence of Tat11-EGFP plasmid (see Chapter 3) using 
QuickChange Kit (Stratagene). The two primers used to transform the Tat11 sequence 
into the NLS of SV40 are reported as ‘primer 1-2’ in Appendix D. Antisense primers 
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had reverse complementary sequences. The NLSSV40-EBFP-EGFP plasmid was 
constructed by replacing the EGFP sequence of NLSSV40-EGFP plasmid with EBFP-
EGFP derived from p-EBFP-GFP, both digested with HindIII and XbaI restrictions 
enzymes. 

To obtain the construct p-E1GFP-EGFP-tdTomato the E1GFP template (EGFP 
containing mutations T65S T203Y) was inserted into HindIII and BamHI sites of 
pcDNA3.1(+) including a streptavidin tag (MASWSHPQFEKGA) at the amino-
terminal of the E1GFP. A second EGFP (template p-EGFP N1 Clontech) was 
introduced by PCR amplification in BamHI and EcoRI sites. Finally, the tdTomato 
template, obtained from Roger Y.Tsien Laboratory 83, was amplified by PCR 
introducing EcoRI site in 5’ and XbaI site in 3’ extremity. To obtain the corresponding 
active import benchmark, NLSSV40-E1GFP-EGFP-tdTomato plasmid was constructed 
by replacing the EGFP sequence of NLSSV40-EGFP plasmid with E1GFP-EGFP-
tdTomato derived from E1GFP-EGFP-tdTomato, digested with HindIII and XbaI 
restrictions enzymes. 

Here the behavior of these two classes of constructs will be compared to that of the 
same GFP-cargoes fused to the Tat11-sequence. Constructs with Tat11-sequence used in 
this study were based on the Tat11-EGFP sequence cloned in pGEX2T plasmids 
described in Ferrari et al. 56. The fragment encoding for Tat11-EGFP protein was cut 
BamHI and EcoRI and subcloned in pcDNA3.0 version (Invitrogen). Subsequently, a 
HindIII restriction site in the MCS was destroyed by mutagenesis using QuickChange 
Kit (Stratagene). The primer used to remove HindIII site is reported as ‘primer 3’ in 
Appendix D. The unique HindIII restriction site between Tat11 and EGFP sequences, 
was used to engineer the following cargo constructs. Tat11-EBFP-EGFP and Tat11-
E1GFP-EGFP-tdTomato constructs were obtained by subcloning EBFP-EGFP and 
E1GFP-EGFP-tdTomato in Tat11-EGFP plasmid cut by HindIII-XbaI in order to 
remove the EGFP sequence. 
 

2.1.2 Cell culture, transfection, and immunoblotting analysis 
CHO-K1 were provided from the American Type Culture Collection (CCL-61 ATCC) 
and were grown in Ham’s F12K medium supplemented with 10% of fetal Bovine 
Serum at 37ºC and in 5% CO2. Transfection of all constructs was carried out using 
Lipofectamine Reagent (Invitrogen) according to the manufacturer’s instructions. For 
live imaging cells were plated 24 h before transfection onto a 35-mm glass bottom dish 
(WillCo-dish GWSt-3522). 
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Expression of cargo constructs was confirmed by Western blotting. Lysis was 
performed in a buffer containing 1% Triton X-100, 50 mM HEPES (pH=7.5), 150 mM 
NaCl, 10% glycerol, 1.5 mM MgCl2, 5 mM EGTA, 10 µg/ml aprotinin, 10 µg/ml 
leupeptin. Lysates were then analyzed by SDS-PAGE and transferred onto 
nitrocellulose filters. For Western blotting procedures, filters were incubated with anti-
GFP monoclonal antibody (JL-8, Clontech) and immunodetected with anti-mouse 
HRP-conjugated secondary antibodies (Amersham Biosciences). 
 

2.1.3 Fluorescence imaging by confocal laser scanning microscopy (CLSM) 
Cell fluorescence was analyzed using a Leica TCS SP2 inverted confocal microscope 
(Leica Microsystems AG, Wetzlar, Germany) equipped with an Ar-laser for excitation 
at 458, 476, 488 and 514 nm, and with a HeNe-laser for excitation at 633 nm. A diode 
laser (Hamamatzu Photonics, Japan) was used for excitation at 403 nm (Hoechst 
imaging). Glass bottom Petri dishes containing transfected cells were mounted in a 
thermostated chamber (Leica Microsystems) and viewed with a 40x 1.25 NA oil-
immersion objective (Leica Microsystems). Live-cell imaging was always performed at 
37ºC. Images were collected using 10-20 µW 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: 410-450 nm 
(Hoechst), 500-550 nm (GFP), and 650-750 nm (Mitotracker®). All images were 
corrected by subtracting the background signal. Data were analyzed by Leica Imaging 
package version 2.61 and by an implementation of Igor-Pro software package.
 

2.2 Demonstration of Tat-peptide actual nuclear import properties 
 

2.2.1 Cargo-dependent sub-cellular localization of constructs 
As a first test, Chinese hamster ovary (CHO) K1 cells were transfected with the 
constructs encoding for GFP, GFP2, and GFP4. After 20 hours, cells were examined by 
confocal microscopy. As expected for a purely diffusive molecule, GFP displayed a 
uniform distribution throughout the cell with no sub-cellular organelle-specific 
localization 84 (Fig. 2.2.a). We obtained the same result in the case of GFP2 (Fig. 
2.2.b): the cytoplasm and the nucleus of cells were uniformly stained by this protein. In 
contrast, GFP4 was detected in the cytoplasm but excluded from the nuclear 
compartment in the analyzed cells (nuclear staining by Hoechst, as in Fig. 2.1.b, 
channel 2), as expected from the expression of a 110 kd protein lacking an NLS (Fig. 
2.1 and Fig. 2.2.c). A small (~10%) fraction of the cells, however, showed detectable 
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nuclear staining (data not shown) that can be linked to degradation fragments of the 
GFP4 protein, as suggested by immunoblotting analysis (GFP4 lane in Fig. 2.1.c). We 
used GFP4 to study the NLS capability of peptides, since only in the presence of active 
(energy-dependent) nuclear import, GFP4 signal can be detected in the nuclear 
compartment. In fact, a markedly different behavior was observed for NLSSV40-tagged 
constructs (Fig. 2.2.d-f): all GFP cargoes were successfully imported and, 
consequently, under physiological conditions, were predominantly detected in the 
nucleus (nuclear/cytoplasmic fluorescence ratio, Keq > 1). It is worth noting that the 
nuclear accumulation of NLSSV40-based constructs was even more marked with 
increasing cargo MW (compare sub-cellular localizations in Fig. 2.2.d-f). 
 

 
 

Fig. 2.2 Cargo-dependent subcellular localization of constructs. (a-b-c) Confocal 
images of expressed untagged GFP-cargoes. (d-e-f) The 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. (g-
h-i) Tat11-GFP and Tat11-GFP2 are uniformly distributed between compartments (cargo 
MW is under the limit for passive diffusion), while Tat11-GFP4 is excluded from the 
nucleus (cargo MW above the limit for passive diffusion). Scale bars: 10µm 
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This peculiar behavior can be linked to the fact that while both large and small 
proteins are rapidly imported thanks to the NLS-specific active processes, their 
nucleus-to-cytoplasm passive diffusion is increasingly impaired by the cargo size. 

Finally, we transfected CHO K1 cells with Tat11-tagged GFP, GFP2 and GFP4 
cargoes and analyzed their sub-cellular distribution at the confocal microscope. 
Independent of the level of transfection, Tat11-GFP sub-cellular distribution was rather 
uniform between cytoplasm and nucleoplasm with a concomitant detectable 
enrichment in nucleolar fluorescence (Fig. 2.2.g). In an analogous manner, Tat11-GFP2 
preserved the homogeneous distribution between nucleus and cytoplasm (Fig. 2.2.h). 
Remarkably, Tat11-GFP4 was almost exclusively localized within the cytoplasm of 
expressing cells (Fig. 2.2.i), indicating that the Tat11-sequence was not able to 
determine nuclear import of a cargo that is above the limit for passive diffusion across 
the nuclear pore complex. In short, the cargo-dependent sub-cellular localization of 
Tat11-based constructs closely resembles that of their corresponding passive-diffusion 
benchmarks discussed above (Fig. 2.2.a-c). The actual size of GFP and Tat11-GFP 
constructs was verified by Western Blot analysis using an anti-GFP monoclonal 
antibody. Figure 2.3 shows that Tat11-GFP and GFP are characterized by lanes at 
distinct positions in the gel that are consistent with an approximate mass difference of 
1.5 kd. The accuracy of this measurement is not sufficient to provide the exact 
quantitative determination of the construct, but beyond the mentioned consistency it 
must be noted that the gel shows no additional components or smearing of the lane as 
would be expected in the presence of degradation of the fused peptide. 
 

 
Fig. 2.3 WB analysis of 
GFP and Tat11-GFP 
correct size. The two 
constructs are 
characterized by lanes at 
distinct positions in the 
gel that are consistent 
with a ~1.5 kd mass 
difference  

 
A further check on the possibility of peptide degradation was performed by testing 

the effect of inhibitors such as chloroquine and MG132. These affect degradation in the 
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lysosome and the proteosome, respectively. No change in Tat11-GFP subcellular 
distribution was observed (data not shown). 
 

2.2.2 Nuclear permeation upon energy depletion 
In order to selectively monitor the role of active processes in determining the nuclear 
permeation of the tested proteins, we analyzed their sub-cellular localization in 
response to energy depletion.  
 

Fig. 2.4 Nuclear permeation on 
energy depletion. The functional NLS 
of SV40 is able to accumulate GFP and 
GFP2 cargoes into the nuclear 
compartment under physiological 
conditions (NG, normally growing 
cells: a, f). After 30 min of energy 
depletion treatment, both constructs 
equilibrated between nucleus and 
cytoplasm (-ATP: b, g). Within 10-15 
min after shifting the same cell back to 
physiological conditions, active nuclear 
import was completely restored 
(+ATP: c, h). Similar energy depletion 
assays did not alter the characteristic 
sub-cellular localization of Tat11-GFP 
(d, e) and Tat11-GFP2 (i, j). Scale bar: 
10 µm. Under physiological 
conditions, Mitotracker® is selectively 
sequestered by active mitochondria (k). 
Within 30 min of treatment with 2-
deoxy-D-glucose and sodium azide, a 
60-70% decreased in Mitotracker 
staining is observed, indicating 
mitochondrial failure (l). Scale bar: 10 
µm. 

 

Intracellular ATP/GTP stores were depleted by incubating cells with 2-deoxy-D-
glucose and sodium azide in glucose-free medium. Within 30 min of this treatment, 
most cells lost Mitotracker® staining (Fig. 2.4.k-l), thus indicating that their 
mitochondria were no longer active 85, 86. We found that when cells expressing 
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NLSSV40-GFP were incubated in the energy-depleting medium fluorescence rapidly 
equilibrated between nucleus and cytoplasm (Fig. 2.4.b). This behavior is consistent 
with the dominant NLS-mediated nuclear import: when the latter is blocked by energy 
depletion, NLSSV40-GFP passive diffusion to the cytoplasm can successfully restore a 
homogeneous intracellular distribution. Notably, this behavior is reversible: within few 
minutes after shifting cells back to physiological conditions fluorescence was again 
predominantly localized in the nucleus (Fig. 2.4.c). The same treatment showed no 
effect on Tat11-GFP sub-cellular localization (Fig. 2.4.d-e), thus providing a first 
evidence that Tat11-cargo trafficking is an energy-independent mechanism. We 
performed analogous measurements on Tat11-GFP2 and NLSSV40-GFP2, as shown in 
Fig. 2.4.f-h and i-j, respectively. NLSSV40-GFP2 equilibrated between nucleus and 
cytoplasm under energy depletion conditions and promptly accumulated in the nucleus 
when active import was restored. Once again, however, the same treatment showed no 
effect on Tat11-GFP2 sub-cellular localization. As expected, GFP4-based constructs did 
not change their subcellular localization in response to energy-depletion treatment, as 
they can not permeate across the NE (data not shown). Analogously to Tat-peptide 
constructs, isolated GFP and GFP2 showed no energy-dependent sub-cellular 
distribution (data not shown), as expected for these passive-diffusion benchmark 
proteins. Comparison of the behavior displayed by Tat11-based constructs and the two 
benchmarks provides clear indication of a dominant passive-diffusion mechanism for 
Tat-cargo shuttling across the nuclear envelope. 
 

2.3 Limitations of wild-type Tat-peptide as a delivery vector 

So far we addressed the intracellular localization and transport properties of intact Tat-
peptide-cargos in living cells. We demonstrated that Tat-cargo shuttling across the 
nuclear envelope is dominated by passive diffusion. Accordingly, we identified the 
potential and the limitations of Tat as a molecular carrier from the point of view of 
cargo size. Our results are in contrast with previously reported in vitro studies that 
highlighted the relevance of active processes in Tat-peptide-driven nuclear import 8, 9 
and prompted us to consider the detailed experimental conditions of those studies. In 
particular, we believe that the impact of the non-physiological conditions 
characteristics of import assays in permeabilized cells should be carefully evaluated. 
For example, one important issue in such experiments is the absence of cofactors that 
can influence Tat-peptide properties. More in detail, although we can not exclude that
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 import carriers may be interacting partners 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 of this scenario is that the interaction between an 
import carrier and Tat-peptide is efficiently inhibited by other cellular substrate 
molecules. In keeping with this hypothesis, Friedler et al. reported a strong inhibition 
of Tat-peptide nuclear import by the addition of cytosolic factors containing, among 
others, RNA molecules 87, that usually leak out of the cells during cell permeabilization 
procedures. It is well-established, in fact, that the arginine-rich motif has a strong 
affinity for RNA molecules. For instance, it was demonstrated that continued 
ribosomial RNA (rRNA) synthesis is involved in the nucleolar accumulation of Rev, a 
protein from HIV-1 containing an arginine-rich motif 88. Moreover, it was reported that 
the arginine-rich motif of Rev has a much higher affinity for RNA molecules than it 
does for the Importins 88, 89. On the contrary, our in vivo assays largely preserve 
physiological interactions of the Tat peptide and thus truly show that Tat-peptide 
intracellular properties are not dominated by binding to import carriers. Our results 
provide useful insight into the nature of target molecules available for Tat-peptide-
driven nuclear delivery. Firstly, our analysis shows that protein cargoes exceeding the 
size-threshold value for passive diffusion through the NPC will not gain access into the 
nuclear compartment. This is confirmed by the data published by Nitin et al. 90: these 
authors reported evidence that a Tat peptide-based molecular beacon containing 
Streptavidin (~60 kd) is efficiently targeted to the cell cytoplasm but substantially 
excluded from the nucleus 90. Moreover, results reported by Neumann et al. show that 
peptides containing the relevant Rev and Tat motives conjugated with fluorescently 
labelled BSA (66 kd) are not able to perform nuclear import upon cytoplasmic 
microinjection, in contrast with the nuclear accumulation observed using the NLS of 
SV40 91. Nonetheless, it must be noted that molecular cargoes up to 55 kd (namely, 
GFP2 size) can successfully reach the nucleus through the passive route unveiled here.
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In vivo study of HIV-1 Tat arginine-rich 
motif (II): intracellular trafficking and 

interactions 
 
 
 
 
 
Here the quantitative aspects of Tat11-nuclear/cytoplasm exchange will be addressed by 
means of a set of time-resolved experiments that were analyzed thanks to a dynamic 
model that includes both reversible passive diffusion between the two compartments 
and active nuclear import of proteins from the cytoplasm (see Appendix A for more 
details). The passive-diffusion flux plays a role in the case of proteins that are 
characterized by a MW less than the nuclear-pore exclusion limit. Active-transport flux 
must be included when NLS properties come into play. Nucleus-to-cytoplasm active-
transport processes were not included in the dynamic model. Each contribution can be 
characterized by one transport parameter that must be experimentally determined by 
studying the fluorescence recovery after photobleaching (FRAP) of nuclear and 
cytoplasmic compartments. In the last part of this chapter I shall analyze Tat peptide 
interactions with cellular components by means of a combination of in vitro and in vivo 
assays 
 
3.1 Dynamic model for nuclear/cytoplasmic exchange 
In a typical FRAP measurement, nuclear or cytoplasmic fluorescence was 
photobleached by high laser beam power and the following recovery process was 
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monitored by time-lapse imaging. The mathematical analysis of the system (see 
Appendix A for details) leads to equations: 
 

( ) ( )τ/t
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(3.1) 
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(3.2) 
 

where FC
0 and FC

∞, and FN
0 and FN

∞ label the concentrations at time zero and at 
equilibrium in the cytoplasm and in the nucleoplasm, respectively. 

By fitting the fluorescence recovery curves to the monoexponential equations 
reported above, it is possible to derive the characteristic transport parameters of the 
diffusing molecule. Although a detailed description of the mathematical model used for 
FRAP data analysis will be presented in Appendix A, it is useful to define here some 
parameters that will be used in the following. In particular: 

i) kDC, and kDN quantify the permeability of nuclear envelope to nucleus-to-
cytoplasm and cytoplasm-to-nucleus passive diffusion, respectively; 

ii) kAT quantifies the flux of actively imported molecules from cytoplasm to 
nucleus a. 

Experimentally, each FRAP experiment started with a line-averaged image of the 
cell followed by a single-point bleach (nonscanning) near the center of the nucleus 
with laser light at full power for the minimum time required to photobleach most of 
nuclear fluorescence. Fluorescence of the cytoplasm was photobleached by performing 
repeated scans of the whole cytoplasmic region with laser at full power. In either case 
recovery was measured by starting a time-lapse acquisition within few milliseconds 
after the end of bleaching (sampling rate was tailored to the speed of fluorescence 
recovery of the tested protein). Each image of the recovery was 4-time line-averaged. 
Image size was 512x512 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 a 81.44 µm confocal 
aperture). Before fitting, the experimental values of fluorescence were normalized by 
the fluorescence of the entire cell measured at the same time point, in order to 
minimize the effect of cell motility and defocusing on the recovery curves and to 

                                                 
a The kAT values reported in the following sections refer to the minimum value of the active transport parameter (kAT

m, see 
Appendix A) since in our system the NLS intracellular concentration is higher than that of the active import carrier 
molecules (cytoplasmic carriers are all in the bound form). 
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correct for bleaching caused by imaging. Moreover, data were normalized by pre-
bleach fluorescence values in order to verify the presence of an immobile fraction of 
fluorescent molecules within the bleached compartment. 
 

3.1.1 In vivo applications: FRAP analysis of passive diffusion 
 

 
 

Fig. 3.1 FRAP analysis of GFP nucleus/cytoplasm shuttling. (a) Fluorescence recovery 
after nuclear photobleaching as GFP diffuses from cytoplasm to nucleus. Nuclear 
fluorescence (pre-bleach panel, white arrow) was photobleached by irradiating for 8 s a 
single-point with high laser power. Recovery was recorded by time-lapse imaging: selected 
images are reported with the corresponding time of acquisition. Scale bar: 10 µm. (b) 
Fluorescence of the cytoplasm was photobleached by performing repeated scans of the 
whole cytoplasmic region with laser at full power. Recovery was recorded by time-lapse 
imaging. Scale bar: 10 µm. (c) Time course of nucleoplasmic fluorescence recovery (full 
green circles) for the cell shown in (a). Cytoplasmic fluorescence concomitantly decreases 
as GFP diffuses from cytoplasm to nucleus (empty green circles). This symmetric process 
shows the same kinetics yielding a time constant (τ) around 70 s for the analysed cell. 
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The fluorescence of the nuclear compartment of CHO K1 cells transfected with GFP 
was photobleached by irradiating for 8 seconds a single point at high laser power. The 
subsequent fluorescence recovery was recorded by time-lapse acquisition at 20-s 
intervals (Fig. 3.1.a). 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 molecules from nucleus to cytoplasm (compare green curves on empty and 
full circles in Fig. 3.1.c: they show the same kinetics). Indeed, the fluorescence in the 
cytoplasm decreased as GFP diffused from cytoplasm into the nucleus. As expected, 
after cytoplasm photobleaching, cytoplasm fluorescence recovered together with a 
decrease in nuclear fluorescence (Fig. 3.1.b). 

Since we are dealing with restricted exchange between two well-mixed 
compartments separated by a porous membrane, the post-bleach concentration 
dynamics is described by exponential decays 92, 93. Indeed, the kinetics of fluorescence 
recovery in all measured cells was accurately fitted by a single exponential function 
whose time constant (τ) expresses the rate of the protein shuttling across the nuclear 
membrane. Results from the whole population of analyzed cells yielded a τ value of 77 
± 19 s (Tab. 3.1) for GFP shuttling. The asymptotic value of 1 of the fluorescence 
recovery traces shown in Fig. 3.1.c 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 (see Materials and Methods for further details). 
By means of our dynamics model we derived kDN = 13.6 ± 3.7 µm3/s and kAT = 0 µm3/s 
(the latter value indicates the absence of any nuclear targeting property for isolated 
GFP proteins). Analogous FRAP measurements performed on GFP2 yielded an overall 
τ-value of 1178 ± 292 s (Tab. 3.1). This slower recovery rate of passively diffusing 
GFP2 (compared to GFP) is expected, since its molecular weight is close to the 
estimated molecular cutoff size for passive diffusion through the NPC (i.e., ∼60-70 kd) 
94, 95 and is in agreement with recently reported in vivo analyses 96. 
 

3.1.2 In vivo applications: FRAP analysis of active import 
Next, we quantitatively investigated NLS-driven transport in order to determine the 
rates of active import compared to passive diffusion. NLS-GFP nuclear fluorescence 
was photobleached and the subsequent recovery was monitored by time-lapse imaging 
(Fig. 3.2). 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 s (Tab. 3.1), a 
value not significantly faster than that of isolated GFP. From the whole population of 
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examined cells we derived a characteristic kAT range of 10 - 17.1 µm3/s for NLS-GFP 
active import and a kDN-value of 5.2 ± 0.6 µm3/s for its concomitant reversible passive 
diffusion (Tab. 3.1). As for the case of single-GFP cargo, we tested the influence of 
molecular size on the NLS-driven nuclear-import kinetics. Notably, NLS-GFP2 active 
import is about five times faster than isolated GFP2 shuttling across the NE (Fig. 3.2.b-
c). 
 

 
 

Fig. 3.2 FRAP analysis of active import. (a) FRAP analysis of actively imported NLSSV40-
GFP. Nuclear fluorescence (pre-bleach panel) was photobleached by irradiating for 10 s a 
single-point with high laser power and subsequent recovery was monitored by time-lapse 
imaging: selected images are reported with the corresponding time of acquisition. Scale bar: 
10 µm. (b) FRAP analysis of NLSSV40-GFP2 (18-s-bleach). Intensity of post-bleach images 
has been adjusted to better see fluorescence recovery signal. (c) Kinetics of nucleoplasmic 
fluorescence recovery after phothobleaching for cells shown in (a), and (b). τ-values (mean 
± SD) are 704 ± 8 s (GFP2, green triangles), 230 ± 5 s (NLSSV40-GFP2, yellow triangles), 54 
± 2 s (NLSSV40-GFP, yellow empty circles). 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 analysed cells are reported in Tab. 3.1. 
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FRAP analysis of Tat11-GFP and Tat11-GFP2 revealed that these proteins shuttle bi-
directionally between the two compartments 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, Fig. 
3.3), as expected for a passive-diffusion system at equilibrium. 
 

 
 
 

 
 
 
 
 
 

 
Fig. 3.4 FRAP analysis of Tat11-
GFP binding to the nucleolus. (a) 
This set of FRAP measurements was 
carried out by setting the double 
scanning mode and the image format 
to 256x256 pixels. Nucleolar 
fluorescence (white arrow, pre-
bleach panel) was photobleached by 
performing repeated scans of the 
whole nucleolar area with laser at 
full power. Fluorescence recovery 
after photobleaching was recorded 
by imaging the sample at 0.4-s-
intervals with low laser power. 

Selected images of the whole cell are reported with the corresponding time of aquisition. 
Scale bar: 10 µm. (b) Nucleolar fluorescence photobleaching and subsequent recovery 
(full red circles). Vertical dashed line indicates the end of the bleaching step. Single-
exponential fitting yields a time constant of 1.3 ± 0.1 s, revealing that communication 
between nucleoplasm and nucleolus takes place in a much shorter time-scale than 
shuttling across NE. Nucleolar fluorescence returns to pre-bleach value (horizontal 
dashed line), indicating that Tat11-GFP is not immobilized within this sub-nuclear 
compartment. Empty circles represent nucleoplasmic fluorescence. Furthermore, the loss 
of nucleoplasmic fluorescence to the nucleolar accumulation was very low, suggesting 
that Tat11-GFP nucleolar enrichment may occur at surface level. 

 
For the case of Tat11-GFP, in particular, Tat11-fusion led to the observation of a 

sizable increase in τ-values (from 77 ± 19 s to 410 ± 125 s, Fig. 3.3.c). We already 
argued that this increase cannot be attributed to the increase in MW brought by the 
peptide on the passive-diffusion properties of GFP, since Tat11-GFP is only ∼1.5 kd 
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larger than isolated GFP. These results once again must be linked to the ability of Tat 
peptide to interact with cellular molecular components. The impact of these 
interactions is not apparent for the case of GFP2 constructs because of the large τ-value 
in the isolated GFP2 determined by its own size. For what concerns Tat11-GFP, we must 
take into account its observed nucleolar accumulation. In this case, nuclear 
fluorescence recovery kinetics is the result of two distinct processes: Tat11-GFP 
transfer 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 (Fig. 3.4). In fact, nucleolar fluorescence 
reaches its plateau value approximately 8 seconds after photobleaching (full circles in 
Fig. 3.4.b). Since we are mainly interested in the much slower nucleus-cytoplasm 
shuttling of Tat11-GFP, we neglected nucleolar kinetics in the analysis of FRAP data. 
 

Tab. 3.1  point-FRAP disk-FRAP 

Protein Keq 

 
τ(C→N) 

(s) 
kDN 

(µm3/s) 
kAT 

(µm3/s) 

DC 

(µm2/s) 

GFP ~1 77 ± 19 13.6 ± 3.7 0 20 ± 5 

GFP2 ~1 1178 ± 292 1.13 ± 0.5 0 13.8 ± 5.5 

NLS-GFP 2.2 - 4.4 60 ± 3 5.2 ± 0.6 10 – 17.1 11.9 ± 2.6 

NLS-GFP2 8 - 22 240 ± 57 0.8 ± 0.3 0 5.9 ± 1.5 

Tat11-GFP ~1 410 ± 125 2.7 ± 1.5 7.1 – 15.7 5.9 ± 1.5 

Tat11-GFP2 ~1 1165 ± 305 5 ± 2 1.2 – 0.4 4 ± 1 
 

Tab. 3.1 Transport and diffusion parameters derived from FRAP measurements. Abbreviations: 
kDN passive diffusion parameter (mean ± SD values); kAT active transport parameter (mean ± SD 
values); DC, effective diffusion coefficient within cytoplasm (mean ± SD values); τ(C→N), time constant 
of nuclear fluorescence recovery (mean ± SD values); GFP, green fluorescent protein; Keq, ratio 
between nucleoplasmic and cytoplasmic fluorescence (range of reported values); NLS, nuclear 
localization signal of the simian virus 40; τ(C→N), time constant of nuclear fluorescence recovery (mean 
± SD values). 
 

3.2 FRAP analysis of protein mobility within cytoplasm 
3.2.1 The disk-FRAP method: experimental setup and mathematical model 
FRAP measurements were carried out by setting the image format to 64x64 pixels, 
optical zoom to 32x (resulting pixel width of 183 nm), and pinhole to full open 
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position (7.36 Airy). Scan speed was set to 1000 Hz in double scanning mode. At least 
one image was recorded to monitor the fluorescence signal before bleaching. A circle 
area of 3.5 µm radius within the cytoplasm was photobleached using 476, 488, 514 nm
light at maximum power. The photobleaching was completed in approximately 220 ms. 
Fluorescence recovery was then monitored at 220 ms intervals for about 8 s using 488 
nm excitation at 10 µW. Recovery curves were normalized by a prior time-lapse 
imaging of the same region without the bleaching step. Data were analyzed according 
to the model proposed by Braeckmans et al. 97 that describes the fluorescence recovery 
process for a disk-shaped geometry that is photobleached by the scanning beam of a 
CSLM. Accordingly, the fluorescence inside the bleached disk (Ftot) in the case of a 
fully opened confocal aperture can be calculated with: 
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where F0 is the total fluorescence inside the disk before bleaching, K0 is the bleaching 
parameter (that can be explicitly written in terms of the specific bleach rate of the 
fluorophore and zoom setting of the CSLM 97), D is the diffusion coefficient, w is the 
radius of the bleached disk, and z0 is the axial resolution of the laser Point Spread 
Function (PSF). We experimentally determined the z0 of our confocal setup (0.7 µm) 
and set the same w value for all FRAP measures (3.5 µm). Conversely, K0 and D were 
considered as fitting parameters. 
 

3.2.2 In vivo applications: measuring absolute ‘D’ of passive-diffusion and active-
import benchmark constructs 
The speed of fluorescence recovery is correlated to the mobility of the fluorescent 
reporter, with a faster time course being associated with a larger diffusion coefficient 
98. Fluorescence recovery in all measured cells was accurately described by Eq. 3.3 
(solid lines in Fig. 3.5.c). We derived the effective diffusion coefficient of the molecule 
in cytoplasm (DC) and the value of the bleaching parameter K0 (related to the bleaching 
depth) for all the tested proteins (see Tab. 3.1). 
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 Isolated GFPs were investigated first: we obtained DC = 20 ± 5 µm2/s for GFP and 
DC = 13.8 ± 5.5 for GFP2 (Tab. 3.1 and Fig. 3.5.c). These values are in agreement with 
previously reported data for GFP diffusion in CHO cell cytoplasm 99 and for both GFP 
monomer and dimer diffusion in COS-1 cell cytoplasm 96. 
 
 
 
 
 
 
 
 

Fig. 3.5 Protein mobility within 
cytoplasm: bleaching of a uniform disk. 
(a) An image of the whole cell was 
recorded to monitor the fluorescence 
signal before bleaching (zoom 4.0x panel; 
scale bar: 10 µm). A selected region 
within cytoplasm (white square) was then 
imaged (zoom 32x panel; scale bar: 3.5 
µm) and a circle area of 3.5 µm radius 
was photobleached using 476, 488, 514 
nm light at maximum power. 
Fluorescence recovery was monitored at 
220 ms intervals for 8 s using 488 nm 
excitation at low power: selected images 
are reported with the corresponding time 
of acquisition. (b) Characteristic recovery 
curves of GFP (green circles), and GFP2 
(blue circles). Fitting to Eq. (3.3) (solid 
black lines) yielded the D values of 19 ± 
4 µm2/s for GFP, and 14.3 ± 1.5 µm2/s for 
GFP2, (mean ± SD values). (c) 
Cumulative results of all tested proteins. 

 
 

The fusion with the NLS sequence significantly changes the diffusivity. We obtained 
DC = 11.9 ± 2.6 µm2/s (Tab. 3.1 and Fig. 3.5.d) for NLS-GFP. The almost doubling of 
the diffusion coefficient of NLS-GFP with respect to isolated GFP well exceeds what 
could be brought by the simple addition of 1.5kd and is consistent with the presence of 
interactions with molecular components that are involved in determining its nuclear 
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active translocation. Accordingly, we obtained a DC = 8.1 ± 1.6 µm2/s for NLS-GFP2 
(to be compared to DC = 13.8 ± 5.5 µm2/s of isolated GFP2, Tab.3.1). 
 

3.2.3 In vivo applications: measuring Tat11 intracytoplasm diffusivity 

The previous section showed the impact of Tat11 on the nucleus-cytoplasm shuttling 
and provided strong indications of the relevance of Tat-peptide interactions in 
determining the overall construct properties. In order to isolate the impact of these 
interactions from NE crossing, we investigated the intra-cytoplasm diffusion properties 
of our constructs. As described above, we bleached a small region of the cytoplasm and 
monitored the recovery process by fast time-lapse imaging. By means of Eq. 3.3 we 
derived the effective diffusion coefficient (D) of the molecule in cytoplasm and the 
value of the bleaching parameter K0 (related to the bleaching depth). 

 

Fig. 3.6 Application of the disk-bleaching 
method to Tat11-GFP. Characteristic 
recovery curves of GFP (green circles) and 
Tat11-GFP (red circles). Data are normalized 
as described in Chapter 1 (section 1.3): the 
asymptotic value of 1 reveals that no 
immobile fraction is present in the 
cytoplasmic bleached region. Fitting to Eq. 
(3.3) (solid black lines) yielded the D values 
of 19 ± 4 µm2/s for GFP and 3.9 ± 0.2 µm2/s 
for Tat11-GFP (mean ± SD values). 
 
 

 
The fusion with Tat11-sequence significantly changes the diffusivity of GFP and 

GFP2 cargoes: we obtained DC = 5.9 ± 1.5 µm2/s for Tat11-GFP (Tab. 3.1, Fig. 3.6) and 
DC = 4 ± 1 µm2/s for Tat11-GFP2 (Tab. 3.1). This large change well exceeds what could 
be brought by the simple addition of 1.5 kd and confirms the previous indication that 
fusion of Tat11 leads to increased interactions (section 3.1.3). Note, however, that Tat-
peptide is not immobilized within the cytoplasm, since we measured a complete 
fluorescence recovery after bleaching of a uniform disk (red trace in Fig. 3.6). 
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3.3 Tat-driven intracellular interactions 
The results reported so far on inter-compartment protein dynamics clearly suggest the 
presence of molecular interactions involving Tat-peptide. It is worth noting that 
arginine-rich sequences like Tat-peptide are found in many RNA-binding proteins and 
were proposed to mediate specific RNA recognition: in particular, it was shown that 
the number/position of positively charged amino acids in the basic domain of Tat are 
critical for complex formation with RNA molecules (e.g. TAR RNA) 11, 12, 100, 101. 

We addressed this point by an in vitro binding assay. In detail, we used TAMRA-
labeled peptides and Cy5-labeled random oligo-RNAs. The fluorophores were selected 
to obtain optimal spectral characteristics for FRET measurements. Fluorescence 
spectra were recorded at 23ºC on a Cary Eclipse spectrofluorometer. Emission spectra 
were all recorded by exciting at 520 nm and collecting the fluorescence between 550 
and 750 nm. First, a fluorescence emission measurement was performed on a solution 
of labeled-RNA alone. Then, increasing amounts of TAMRA-labeled peptide were 
added and the fluorescence-emission spectrum was recorded each time. Complex 
formation between Tat peptides and RNAs was monitored through FRET 
measurement. Absolute FRET counts (N_FRET) were calculated with: 
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−−

=  , 

(3.4) 
 
where IFRET is the value of the acceptor emission peak (666 nm) after the addition of 
the donor molecule, IACC is the value of acceptor emission peak when only the acceptor 
is present in solution, and IDON is the value of donor fluorescence at 666 nm. IDON can 
be calculated each time, since we know the ratio between its fluorescence emission at 
peak (578 nm) and at 666 nm. Finally, N_FRET is plotted against the donor 
concentration (counts/µl), and fitted to a hyperbolic function, as shown in Fig. 3.7. 
Both N_FRET and donor concentration were normalized by the dilution factor. By this 
approach we quantitatively analyzed wild-type Tat peptide (hereafter, TatRRR) for its 
‘overall’ RNA-binding affinity. By adding increasing amounts of labeled peptide, we 
monitored RNA-peptide interaction through FRET, as described above.

As shown in Fig. 3.7.a, TatRRR possesses high RNA-binding capability, and addition 
of the peptide to a RNA mixture leads to detectable FRET signal. As mentioned above 
in this section, Tat-RNA interaction depends on the number/position of positively 
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charged amino acids in the basic domain of Tat. Accordingly, we observed that the 
substitution of the three C-terminal arginines with glycines leads to a dramatic decrease 
in Tat-peptide binding affinity for RNA molecules. As expected, addition of TAMRA-
labeled glycine residues (black dots in Fig. 3.7.a) did not cause energy transfer. So far, 
analogous measurements on Tat-peptide were usually performed in vitro using the 
specific TAR RNA sequence as the interacting partner 11, 12, 100, 101. 
 

 
 

Fig. 3.7 Monitoring Tat peptide interaction with nucleic acids by FRET. (a) Crescent 
amounts of TAMRA-labeled peptide were added to a solution containing Cy5-labeled random 
oligoribonucleotides and fluorescence emission spectrum was recorded each time, as described 
in in the text. Complex formation between Tat peptides and RNAs was monitored through 
FRET calculation (Eq. 3.4). Here N_FRET is plotted against peptide concentration. Wild-type 
Tat-peptide (red dots) shows a much higher affinity for RNA compared to TatGGG-mutant 
(dark-yellow dots), as highlighted by the hyperbolic fitting (solid lines). We performed 
measurements with TAMRA-glycine (black dots): as expected, we observed no FRET signal. 
(b) An analogous set of measurements was performed for Tat interaction with DNA. Crescent 
amounts of TAMRA-labeled peptide were added to a solution containing Alexa647-labeled 
random oligodeoxynucleotides and FRET was calculated. Once again, TatRRR peptide (green 
dots) shows a much higher affinity for DNA compared to TatGGG-mutant (dark-yellow dots) 

 
Here we did not target to any specific RNA sequence: we used a mix of random oligo-
RNAs and measured an ‘overall’ binding affinity of Tat peptides for RNA. We believe 
that this approach more closely mimics the actual situation within a living cell, where 
the Tat peptide can exert interactions with many different RNA sequences. 

In our study we also performed a set of experiments on the interaction of Tat peptide 
with DNA. In this case, increasing amounts of TAMRA-labeled peptides were added to 
Alexa647-labeled oligodeoxynucleotides and FRET calculated as described above. As 
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shown in Fig. 3.7.b wild-type Tat-peptide shows a much higher affinity for DNA 
compared to TatGGG-mutant, in line with what reported for peptide-RNA interaction. 
Overall, our results are in line with analogous measurements in the literature. For 
instance, Calnan et al. determined the affinity (KD) and specificity of wild-type Tat 
peptide for TAR RNA in vitro, and compared it to a series of mutants obtained by 
systematic substitution of arginines with alanines 11. 

Analogously, Delling et al. replaced the same two arginines in the ‘RRR’ stretch 
with two glutamines and reported a significant decrease in RNA affinity. The overall 
picture is that the number (and position) of positively charged amino acids in the basic 
domain of Tat is critical for its binding to RNA 100. 

Nucleic acids, however, are not the only intracellular moieties that can influence Tat 
peptide properties. For example, it has been reported that Tat peptide-comprising 
truncations of full-length Tat are able to target the microtubule network 102. Thus, 
tubulin may represent another moiety that modulates Tat trafficking upon binding. 

We assessed the role of the microtubule network in Tat-mediated intracellular 
transport properties by using a microtubule-damaging agent (Nocodazole, NCZ) in 
combination with live-cell imaging approaches (including FRAP). In particular we 
investigated the dependence of Tat-peptide subcellular localization, nucleus/cytoplasm 
shuttling and intracytoplasm diffusion kinetics on microtubule integrity.  

As shown in Fig 3.8.a, 15 minutes of NCZ treatment were able to completely alter 
the microtubule network (signal by tubulin-YFP), inducing disassembly of tubules. The 
same treatment, however, did not change the characteristic intracellular distribution of 
TatRRR-GFP protein (homogeneous distribution with nucleolar enrichment). Thus, 
FRAP analysis of nucleus/cytoplasm dynamics and intracytoplasm diffusion could be 
performed. No detectable alterations in TatRRR-GFP shuttling dynamics and 
intracytoplasm diffusion were observed (Fig. 3.8.b and 3.8.c, respectively). Untagged 
GFP was used as a benchmark, as it is well known that it has no interaction with 
intracellular components, including the microtubule network. 

Even if we cannot exclude that Tat and tubulin interact, our data suggest that the 
same interaction is not relevant in determining Tat transport biology, in agreement with 
other results on Tat-tubulin interaction 103. 

In the next chapter we shall show that the positively charged C-terminal domain of 
Tat peptide plays a crucial role in determining the overall intracellular properties of 
peptide-cargo conjugates. 
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Fig. 3.8 Intracellular localization of 
construct upon nocodazole (NCZ) 
treatment. (a) Under physiological 
conditions, Tubulin-YFP expressing 
CHO-K1 cells showed the typical pattern 
of tmicrotubule network (upper left 
panel). 15 minutes of treatment with 10 
µM of NCZ was able to abolish this 
staining. In the same conditions, TatRRR-
GFP showed no changes in intracellular 
distribution. (b) Single-point-FRAP 
analysis upon NCZ treatment. 
Photobleaching of the nucleus was performed by high laser beam and the subsequent 
fluorescence recovery was recorded by time-lapse imaging at low laser power.  The obtained 
results revealed no effect of NCZ treatment on nucleus/cytoplasm shuttling kinetics. (c) 
Analogous results have been obtained from disk-FRAP analysis of protein diffusion within 
cytoplasm: NCZ-induced microtubule de-polymerization did not significantly change TatRRR-
GFP absolute diffusion coefficient in the cytoplasm. 
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Tuning the transport properties of HIV-1 Tat 
arginine-rich motif in living cells 

 
 
 
 
 
In Chapters 2 and 3 I demonstrated, through in vivo experiments, that Tat-cargo 
nucleus/cytoplasm shuttling is dominated by passive diffusion, and defined the kinetics 
of the process. In the first part of this Chapter (sections 1-4) I shall further address the 
intracellular properties of Tat peptide in living cells, with the demonstration of its dual 
functionality. By scanning mutagenesis on Tat-peptide sequence both the stretch 
responsible for the NLS (Nuclear Localization Sequence) functionality and the one 
responsible for its suppression will be identified. Based on this knowledge I shall show 
how to tune the Tat-peptide in vivo properties both in terms of its localization and of its 
dominant transport mechanism. 

In the last part of the chapter (section 5) the impact of this tunability on Tat 
exploitation as a cell penetrating peptide will be also addressed by performeing a series 
of internalization assays in living cells, using suitably labeled synthetic peptides in 
combination with specific fluorescent markers of endocytosis. By this approach I shall 
demonstrate that wild-type Tat peptide can enter cells by macropinocytosis, with a 
detectable contribution of clathrin-mediated endocytosis, in keeping with the latest 
results on Tat 104. Following the identification of the internalization route of the 
precursor TatRRR sequence, I shall investigate the extracellular transport properties of 
the TatGGG-mutant and demonstrate that TatGGG enters cells by the same mechanisms of 
its wild-type precursor. Through colocalization assays, the same conclusions can be 
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extended to the full-length ancestor Tat protein (Tat86), thus allowing to establish a 
comprehensive model for the cellular uptake of Tat protein and its derived peptides. 

Finally, the present analysis yields a unified, coherent description of previous 
conflicting in vivo and in vitro results and lets the true nature of the Tat peptide 
emerge. 
 
4.1 Materials and methods 
 

4.1.1 Synthetic compounds, peptides, and recombinant proteins 
All synthetic compounds used as endocytic markers (Lysosensor-Green, F4-64-TMR, 
70kd-Dextran-TMR) were purchased from Invitrogen/Molecular Probes. Labeled 
peptides were all purchased from Sigma-Genosys, with purities of 90% or more 
confirmed by HPLC and mass spectrometry analysis (sequences are specified in the 
text). 

The mCherry-Tat86 construct was generated by two steps of PCR amplification. In 
the first step we amplified the mCherry template (obtained from Roger Y Tsien's 
laboratory) and we inserted the sequence in BamHI-EcoRI sites. In the second step we 
amplified the Tat sequence and inserted the product in frame to mCherry sequence into 
EcoRI-XhoI sites. Expression of recombinant mCherry-Tat86 and Tat86-E1GFP protein 
was induced in log-phase growing bacteria E. coli BL21 DE3 strain (Invitrogen) upon 
treatment with 1mM isopropyl-ß-D-galactoside at 37°C for 4 hours. For the 
purification by FPLC of mCherry-Tat86 we used GSTrap HP column (GE Healthcare). 
A further step to remove GST tag from Tat-E1GFP required a subsequent treatment by 
using a PrescissionTMProtease (GE Healthcare). 
 

4.1.2 Cell culture, transfections, and internalization assays 
To monitor endocytosis, CHO-K1 cells cultured onto 35-mm glass bottom were 
incubated with 1-2µM Tat-based peptides and Tat86 protein in Ham’s F12K medium 
supplemented with 10% of FBS in 5% CO2 at 37˚C for 1 hour. To remove the unbound 
peptides in the medium, cells were rinsed three times with cold PBS, washed with an 
ice-cold acid-stripping solution containing 0.2M sodium acetate (pH 4.5) and 0.5M 
NaCl for 2 min and 20 s, and finally rinsed twice with PBS. After the initial preloading 
and subsequent washes, cells were shifted again to 37°C and analyzed at the indicated 
time points by confocal microscopy. 

All the transfections were performed as described in Chapter 2. The caveolin-GFP 
plasmid was a kind gift from L. Pelkmans 105. 
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4.2 Tat-peptide sequence can be turned into a functional NLS by 
scanning mutagenesis 
 

4.2.1 Influence of the ‘RRR’ stretch on Tat-driven nuclear delivery of GFP4 cargo 
In Chapter 3 Tat peptide and the homologous basic domain of SV40 unambiguously 
showed different intracellular trafficking properties. Comparison of the two sequences 
drew our attention to the last three C-terminal aminoacids. These are positively-
charged Arg-Arg-Arg (RRR) residues in Tat sequence (TatRRR) and acidic Glu-Asp-Pro 
(EDP) residues in the NLS of SV40 (hereafter, NLSEDP). Note that in the previous 
Chapter we highlighted the role of the ‘RRR’ domain in determining the RNA/DNA-
binding properties of wild-type Tat peptide. In particular, RRR→GGG replacement 
within the Tat sequence led to decreased affinity for nucleic acids. Here I shall 
investigate the properties of the ‘RRR’ stretch and its role in determining TatRRR 
nuclear transport properties. Cell culture, transfection, and in vivo fluorescence 
imaging were performed as described in Chapter 1. 
 

 
 

Fig. 4.1 TatGGG-mediated active nuclear accumulation of GFP4 cargo. (a) As expected 
for a 110 kd protein, GFP4 is excluded from the nucleus (cargo MW above the limit for 
passive diffusion through the NPC). (b) TatRRR sequence is not able to drive GFP4 nuclear 
localization, as demonstrated previously (see Chapter2). (c) Notably, TatGGG-tagged GFP4 is 
almost exclusively localized within the nucleus, demonstrating that this Tat-derived mutant 
is able to perform active nuclear import (imaging at 561 nm). (d) Integrity of GFP4 
construct is shown here by FRET imaging by excitation at 403 nm (see Materials and 
Methods for further details). For western blot analysis of protein correct expression and size, 
see Chapter 2. Scale bar: 10µm. 

 
Firstly, scanning mutagenesis of the Tat peptide sequence was performed by 

mutating RRR into three (not-charged) glycine residues (using ‘primer 4’, Appendix 
D): the resulting mutant (TatGGG sequence, Tab. 4.1) was analyzed by in vivo imaging 
techniques. TatGGG fused to a 110 kd cargo (hereafter, TatGGG-GFP4) was obtained by 
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subcloning E1GFP-EGFP-tdTomato in TatGGG-GFP plasmid cut by HindIII-XbaI in 
order to remove the EGFP sequence. The cloning strategies used for the plasmids 
encoding for E1GFP, EGFP, and tdTomato were described in detail in section 2.2.1. 

Remarkably, TatGGG-GFP4 was almost exclusively detected into the nucleus (Fig. 
4.1.c). This indicates that the TatGGG sequence can exploit active nuclear import, 
analogously to its NLSEDP-tagged counterpart. 

Conversely, as previously reported and shown here in Fig. 4.1.b, the wild-type Tat 
peptide is not able to drive active nuclear import of the same cargo, and is excluded 
from the nucleus, analogously to untagged GFP4 (Fig. 4.1.a). The integrity of GFP4 

constructs was checked by means of FRET imaging (Fig. 4.1.d). 
 

4.2.2 The role of metabolic energy 
The role of active processes in determining the nuclear permeation driven by TatGGG 
sequence was further verified by analyzing the sub-cellular localization of TatGGG-GFP 
(single GFP-cargo, capable of crossing the NE by passive diffusion) in response to 
energy depletion. Figure 4.2.c (panel +ATP) shows that TatGGG-GFP is predominantly 
localized in the nucleus, with a nuclear-to-cytoplasm ratio Keq = 2.1 ± 0.1 when 
expressed in cells under normal growing conditions. A sizable GFP fluorescence signal 
is here also observed within the cytoplasm owing to the nucleus-to-cytoplasm TatGGG-
GFP passive diffusion. 

When active processes were blocked by ATP depletion, TatGGG-GFP passive 
diffusion from the nucleus to the cytoplasm successfully restored a homogeneous 
intracellular distribution (Fig. 4.2.c, -ATP panel). Notably, this behavior is reversible: 
within few minutes after bringing cells back to physiological conditions fluorescence 
was again predominantly localized in the nucleus (data not shown). 

This assay reveals that TatGGG-GFP nuclear accumulation is driven by an energy-
consuming process, analogously to what we observed for NLSEDP-GFP (see Chapter 2, 
Fig. 2.3). We obtained analogous results for TatEDP-GFP construct, in which ‘RRR’ 
was replaced with the SV40-derived ‘EDP’ stretch (using ‘primer 5’, Appendix D). 

We compared these results with similar measurements performed on a NLSEDP-
derived mutant in which the C-terminal ‘Glu-Asp-Pro’ residues had been replaced by 
‘Arg-Arg-Arg’ and ‘Gly-Gly-Gly’ (hereafter, NLSRRR and NLSGGG, respectively). 
NLSRRR–EGFP plasmid was constructed by multiple point mutation reactions starting 
from Tat11-EGFP sequence (using ‘primer 6’, see Appendix D). Subsequently, to 
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obtain the NLSGGG-GFP construct, we used NLSRRR–EGFP as template and ‘primer 7’ 
for mutagenesis (Appendix D). 
 

 
 

Fig. 4.2 Influence of the ‘RRR’ determinant on nuclear localization and inter-compartment 
dynamics of constructs. (a) Wild-type Tat-peptide intracellular localization. (b) The ‘RRR’ 
stretch is able to impair the active nuclear import driven by the NLS of SV40, leading to an 
intracellular localization similar to that of Tat-tagged GFP (TatRRR-GFP). (c, d) The 
corresponding mutants in which the ‘RRR’ residues were replaced by the ‘GGG’ ones (TatGGG-
GFP and NLSGGG-GFP), showed a marked nuclear accumulation in normally growing conditions 
(+ATP panels). Within 15 min of energy depletion, both constructs equilibrated between nucleus 
and cytoplasm (-ATP panels). Scale bars: 10 µm. (e) FRAP analysis of nucleus/cytoplasm 
exchange of expressed proteins. A typical TatGGG-GFP recovery curve (filled red circles, τ-value 
of 53 ± 1 s) is here compared to the slower passive diffusion kinetics of TatRRR-GFP (open red 
circles, τ-value of 307 ± 4). (f) NLSGGG-GFP characteristic active import kinetics (filled dark 
yellow circles, τ-value of 53 ± 2 s) compared to the slower recovery kinetics of NLSRRR-GFP 
(open dark yellow circles, τ-value of 242 ± 8 s). Overall τ-values are reported in Tab. 4.1. 
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Antisense primer had respective reverse complementary sequence. NLSGGG-GFP 

maintained the wild-type nuclear active-import properties (Fig. 4.2.d, +ATP panel), 
with only a slight decrease in efficiency (compare Keq values in Tab. 4.1). Accordingly, 
we observed re-localization upon energy depletion (Fig. 4.2.d, -ATP). This behavior is 
not unexpected since the functional core domain of the NLS of SV40 (YPKKKRKV) is 
conserved in this mutant 76. Notably, NLSRRR-GFP was characterized by a 
homogeneous intracellular distribution with a concomitant nucleolar accumulation 
(Fig. 4.2.b). Taken together, these results indicate that the ‘RRR’ stretch can impair the 
potential active nuclear-import mechanisms. 
 

4.2.3 Influence of the ‘RRR’ stretch on Tat-driven inter-compartment dynamics 
In order to establish the transport parameters of these mutants, we performed a FRAP 
analysis of their nucleus/cytoplasm shuttling. Data were analyzed within the 
framework of the general model of nucleus-cytoplasm exchange described previously 
(see Ch. 3 and Appendix A). This approach yields the quantitative determination of the 
passive diffusion out of the nucleus (expressed by the parameter kDN) and the 
concomitant estimate of the active transport into the nucleus (expressed by the 
variability range of the parameter kAT). As explained in Chapter 3, here we report the 
minimum value of the active transport parameter (kAT

m in Appendix A). The construct 
encoding for TatGGG-GFP was investigated first, and compared to the corresponding 
passive-diffusion-benchmark TatRRR-GFP. The fluorescence of the nuclear 
compartment was photobleached by irradiating a single point at high laser power for 10 
seconds, the subsequent recovery was recorded by time-lapse acquisitions at 30-second 
intervals. Figure 4.2.e reports the measured recovery curves: the characteristic TatGGG-
GFP recovery kinetics is considerably faster than that of TatRRR-GFP. Table 4.1 
summarizes our results for the whole population of analyzed cells. We obtained τ = 66 
± 9 s for TatGGG-GFP (to be compared to τ = 410 ± 125 s for TatRRR-GFP) (Tab. 3.1). 
Furthermore, by means of our kinetic model, we can derive the TatGGG characteristic 
transport parameter kAT = 7.1 ÷ 15.7 µm3/s for the active transport component and kDN 
= 7.5 ± 1.2 µm3/s for the nucleus-to-cytoplasm diffusion (Tab. 4.1). FRAP analysis of 
NLSGGG-GFP shows that substitution of the ‘EDP’ stretch does not alter the kinetics of 
NLS-driven nuclear import (yellow full circles in Fig. 4.2.f and transport parameters in 
Tab. 4.1). At the same time, the mutant NLSRRR-GFP showed a marked decrease in the 
nucleus/cytoplasm shuttling rate (yellow empty circles in Fig. 4.2.f), confirming the 
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hypothesis that the C-terminal arginine-rich ‘RRR’ stretch has a dramatic impact on 
active nucleus-to-cytoplasm transport processes. 
 

4.3 Modulation of Tat-peptide intracellular trafficking properties by 
scanning mutagenesis 
 

4.3.1 Tuning the nuclear import mechanism 
The above set of experiments demonstrated that the ‘RRR’ residues impair the 
potential nuclear targeting properties of the Tat sequence and significantly contribute 
to TatRRR-peptide interactions. 
 

 
 

Fig. 4.3 Analysis of intracellular localization of Tat-derived mutants. (a) Ratio between 
nucleoplasmic and cytoplasmic fluorescence (red symbols, corresponding to the Keq values 
reported in Tab. 4.1) is here plotted together with the ratio between nucleolar and 
nucleoplasmic fluorescence (black symbols). (b) Intracellular distribution of Tat-derived 
mutants imaged using the confocal microscope. Scale bars: 10 µm. 
 

Since the replacement of ‘RRR’ residues with ‘GGG’ allowed us to switch on the 
Tat-peptide nuclear-import properties, we investigated their tunability by varying the 
number of positively charged C-terminal arginine residues. 
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To this aim we engineered two novel mutants in which the ‘RRR’ residues were 
replaced by ‘RRG’ and ‘RGG’, respectively (primers used for mutagenesis: ‘primer 8’ 
for TatRGG-GFP; ‘primer 9’ for TatRRG-GFP, Appendix D). Hence we studied their 
intracellular localization and transport properties by confocal imaging and FRAP 
analysis, and we compared them to actively imported TatGGG-GFP (and NLSGGG-GFP) 
and passively diffusing TatRRR-GFP (and NLSRRR-GFP). 
 
 
 

 
 
 
 
 
 
 
 

 
 
 

 
Fig 4.4 Kinetic parameters for all Tat-
derived mutants. (a) Kinetics of 
nucleoplasmic fluorescence recovery for 
all Tat-derived mutants. τ-values (mean ± 
SD) are 53 ± 1 s (TatGGG-GFP; the same 
of Fig. 2c), 108 ± 3 s (TatRGG-GFP), 190 
± 5 s (TatRRG-GFP), and 307 ± 4 s 
(TatRRR-GFP, see Fig. 2c). All FRAP 
curves are normalized by pre-bleaching 
values; the asymptotic value of 1 
indicates that no immobile fraction of 
proteins is present in the nucleus. 
Recovery values for the whole population 
of analyzed cells are reported in Tab. 1. 

(b, c) Averaged kAT, and kDC values for Tat-derived mutants (red symbols) and SV40-
derived mutants (yellow symbols). kAT and kDC transport parameters have been derived from 
nuclear FRAP analysis as described in Materials and Methods. 

 
Notably, the one-by-one addition of glycine residues to wild type Tat sequence 

gradually increases the effective nuclear accumulation of constructs in comparison 
with TatRRR, while it leads to a decrease in their nucleolar localization (Fig. 4.3.a-b). 
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Fig 4.5 Absolute diffusion 
coefficient within cytoplasm. 
Analysis of protein mobility 
within cytoplasm by disk-
FRAP approach. DC-values 
clearly reveal that the one-by-
one mutation of arginine 
residues to glycine 
progressively increases protein 
intra-cytoplasm diffusion (red 
symbols). Benchmark NLS-
dervived constructs are also 
reported (dark yellow 
symbols). 
 
 

The one-by-one mutation of arginine residues to glycine progressively increases 
protein intra-cytoplasm diffusion: we obtained DC = 6.1 ± 0.6 µm2/s for TatRRG-GFP 
and 6.9 ± 1 µm2/s for TatRGG-GFP (the overall data plot is shown in Fig. 4.5 and 
reported in Tab. 4.1). 
 
4.4 The mechanism of nuclear entry 
 

4.4.1 The line-FRAP approach 
Here we shall use the line-FRAP approach in combination with GFP-tagged peptides 
and measure differences in mobility between compartments. In these measurements, 
we used the CLSM in xt-mode, where the laser beam is scanned repeatedly along a 
single line (Fig. 4.6.a). The image that results from an xt-experiment consists of the 
same line that is displayed over time. In detail, we performed the bleaching along a line 
(covering both nucleus and cytoplasm) for approximately 100 ms with 488-laser light 
at full power. Fluorescence recovery was imaged along the same line at 400 Hz-
frequency. Collected data were corrected for background and normalized through time-
lapse imaging of the same region without the bleaching step. 

The recovery of all imaged cells was fitted to a double-exponential equation to 
provide an empirical quantification of the time dependence of the process (Fig. 4.6.b). 
We took the smaller time constant value as the representative dynamic parameter of 
intra-compartment mobility, since it was calculated on a larger number of reliable 
recovery points. 
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Fig. 4.6 Line-FRAP measurement. (a) The cell is repeatedly imaged along the line at 
high frequency (400 Hz). Bleaching is performed along a strip covering both nucleus 
and cytoplasm for approximately 90 ms using 488 nm laser at full power. Fluorescence 
recovery is then monitored by imaging at 400 Hz for about 2.5 s. Collected data are 
analyzed as described in Materials and Methods. Scale bar: 10 µm. (b) Nuclear (green 
dots) and cytoplasmic (red dots) fluorescence recovery from the cell shown in (a). At 
this temporal resolution the difference in mobility between the two compartments is 
clearly discernible: photobleaching within the cytoplasm is larger and the 
corresponding recovery is slower, indicating lower mobility. (c) Cumulative results. 
The ratio RM (mean ± SD) between nuclear and cytoplasmic recovery rates (slower 
time constant from double-exponential fit, see Materials and Methods) is plotted for all 
the analyzed constructs.  

 
The difference in mobility between compartments was calculated by taking the ratio 

between nuclear and cytoplasmic characteristic recovery rates (RM parameter). Under 
the assumption that mobility and diffusivity are inversely related, we defined RM = 
DC/DN, where DN is the diffusion coefficient in the nucleus. 
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4.4.2 From the FRAP analysis to the molecular model 
This approach allowed us to compare the protein diffusion properties in the nucleus 
and the cytoplasm. By taking the ratio (RM parameter in Tab. 4.1) between nuclear and 
cytoplasmic characteristic recovery times we could estimate the diffusion coefficient 
ratio of the two compartments (DN/DC), and highlight the differences in protein 
mobility between these two compartments. The proteins that are supposed to shuttle 
across the nuclear membrane by passive diffusion (i.e., GFP, TatRRR-GFP, and 
NLSRRR-GFP) showed no significant difference in mobility between nucleus and 
cytoplasm, corresponding to RM values around unity (see Tab. 4.1 and Fig. 4.6.c). 

On the contrary, the proteins that enter the nucleus by active import (NLSEDP-GFP, 
NLSGGG-GFP, and TatGGG-GFP) unambiguously showed a larger diffusivity in the 
nucleus than in the cytoplasm (RM <1). These results can be correlated to the molecular 
models proposed for the nuclear import of the tested proteins: a protein with NLS 
capability, in fact, should be characterized by a lower mobility in the cytoplasm than in 
the nucleoplasm, owing to the larger number of binding interactions (e.g. with import 
carrier(s) and with affine biomolecules). It must be noted that GFP fused to full-length 
Tat-protein (Tat86) yielded a RM value higher than 1 (Fig. 4.6.c, red symbol). 
Accordingly, it is well-known that Tat86 can undergo binding interactions with several 
specific nuclear effectors (leading to reduced nuclear mobility) 106. The experiments 
reported so far provide only indirect evidence of the involvement of importins in 
TatGGG nuclear transport. This issue will be specifically addressed in Chapter 5. 
 
4.5 Uptake of Tat peptide in living cells 
So far, we demonstrated that wild-type Tat peptide can be engineered to yield novel 
intracellular properties, particularly as a tunable nuclear delivery vector. To this point, 
the outcome of this investigation is a set of Tat-derived sequences that are able to cross 
cell membranes and satisfy all the requirements for an efficient intracellular transport 
of cargoes to the nucleus. One crucial point is now to understand if these vectors are 
still capable of crossing membranes of intact cells. To this end we moved from the 
intracellular to the extracellular environment and tested the endocytic properties of 
selected mutants (in particular, TatGGG) by means of in vivo internalizarion assays. 
 

4.5.1 In vivo colocalization assays: TatRRR-mediated endocytosis 
In our analysis we included the three major routes of internalization ascribed to this 
peptide: macropinocytosis, clathrin-mediated endocytosis, and the caveolar pathway.
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Fig. 4.7 In vivo colocalization assays: TatRRR-mediated endocytosis. Cotreatment experiments 
using: (a) Fluorescein-labeled TatRRR-peptide and TMR-labeled 70kd-Dextran, a marker of 
macropinocytosis; (b) Fluorescein-labeled TatRRR-peptide and TMR-labeled F4-64, a general marker 
of endosomial compartments; (c) TMR-labeled TatRRR-peptide and Lysosensor; (d) TMR-labeled 
TatRRR-peptide and transfected caveolin-GFP. Scale
 

First, cells were treated with 1mg/ml of neutral TMR-conjugated 70kd-Dextran at 

37°C for 30 minutes to la

b

el macropinosomes: as shown in Fig. 4.7.a, the C-term-
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Fluorescein-labeled Tat-peptide (sequence: GYGRKKRRQRRRGK, TatRRR-Fluo) 
strongly colocalizes with this marker in a cotreatment experiment. The colocalization 
between Fluorescein-labeled TatRRR and the general endosomial marker F4-64 
(1µg/ml) confirmed the overall involvement of endosomial compartments in Tat-driven 
internalization (Fig. 4.7.b). Transferrin-Green, a marker for early endosomes following 
the clathrin-coated vesicular pathway, has been observed to partially colocalize with 
the Tat peptide (in this case labeled at the C-terminus with TMR, sequence: 
GYGRKKRRQRRRGK, TatRRR-TMR) (data not shown). A common final target of 
macropinocytosis and clathrin-mediated endocytosis is the lysosome: accordingly, a 
large number of Tat-containing vesicles were positive for Lysosensor staining (used at 
50nM concentration for 5 minutes) (Fig. 4.7.c). 

Finally, the TatRRR-TMR conjugate showed no evidence of colocalization with 
caveolin-GFP, neither within the membrane-bound vesicles (Fig. 4.7.d) nor within the 
caveosome (not shown). From this set of in vivo colocalization assays, we must 
conclude that the wild-type Tat peptide mainly follows two distinct internalization 
routes, both involving endosomes: macropinocytosis and clathrin-mediated 
endocytosis. The outcome of our experiments is in line with the latest data published 
on the Tat peptide 104. 
 

4.5.2 TatGGG-mediated membrane binding 
Based on reported results (see chapter 1) it appears that the presence of positively 
charged amino acids in the basic domain of Tat can be important for its interaction 
with the specific anionic candidates available on the cell-surface. 
 

Fig. 4.8 TatGGG-mediated 
endocytosis: the effect of heparin. 
CHO-K1 cells were treated with 
TMR-labeled TatGGG peptide (in this 
case 0.5µM for 30 min at 37°C), 
then washed and imaged at the 
confocal microscope. This analysis 
reveals TatGGG ability to induce 
endocytosis (left panel). 
Pretreatment of cells with heparin 
dramatically reduces endocytosis 
(right panel). Scale bars: 10µm. 

 
This prompted us to assess the impact of the RRR/GGG replacement on Tat peptide 

binding to membranes. Importantly, the C-term-TMR-labeled TatGGG-peptide 
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(sequence: GYGRKKRRQGGGK, TatGGG-TMR) is still capable of adhering to 
membranes and entering cells by endocytosis (Fig. 4.8, left panel). Pre-treatment of 
cells with heparin (a competitor of Tat for membrane binding) leads to almost 
complete inhibition of endocytosis (Fig. 4.8, right panel), consistently with previous 
data on the wild-type Tat peptide. 

Comparison with TatRRR precursor was further addressed by fluorescence image 
analysis of cells treated with the same amount of labeled peptides (previously 
quantified by absorption spectra). Although this approach is far from being quantitative 
it can provide a useful estimate of the transduction efficacy by evaluating the amount 
of labeled-peptide that remained bound (and internalized) after cell washing. By this 
analysis, upon RRR→GGG replacement, Tat peptide resulted 2-3 times less affine for 
membranes compared to the wild-type sequence (not shown). 
 
4.5.4 A comprehensive model for the cellular uptake of Tat-derived cell-
penetrating peptides 
Once established that TatGGG-sequence is still a valuable endocytic vector, it remains to 
clarify its internalization route and intracellular fate. The contribution of 
macropinocytosis and clathrin-mediated endocytosis to wild-type sequence transport 
has been established. Here we shall show that the same conclusions can be extended to 
the TatGGG-mutant. 

We addressed this issue by performing cotreatment assays: cells were incubated in 
presence of the same amount of Fluorescein-labeled TatRRR and TMR-labeled TatGGG 
peptides (0.5µM each, for 30 minutes). After washing, the two peptides were imaged 
separately by selected laser wavelengths (see Materials and Methods). As shown in 
Fig. 4.9.a, we detected strong colocalization of Fluorescein and TMR signals (overlay 
panel): we can conclude thhFig. 45de 
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pits. Interestingly, similar results were recently reported for Antennapedia-
homeodomain-derived and nona-arginine peptides 104 
 

 
 

Fig. 4.9 A comprehensive model for the cellular uptake of Tat-derived cell-penetrating 
peptides. Cotreatment experiments using: (a) Fluorescein-labeled TatRRR-peptide and TMR-
labeled TatGGG-peptide; (b) Fluorescein-labeled TatRRR-peptide and mCherry-labeled Tat86 
full-length protein. Scale bars: 10µm 

 
4.6 Concluding remarks 
In conclusion, we showed that the wild-type Tat-peptide sequence can be engineered to 
yield new intracellular transport properties. In particular, upon RRR→GGG 
replacement NLS properties emerge, with the concomitant loss of binding affinity for 
intracellular moieties, including RNA, as demonstrated by in vitro assays (see Chapter 
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3). Notably, Friedler et al. reported evidence of the same dual property by developing a 
functional backbone mimetic of the Tat arginine-rich motif and testing its nuclear 
import/RNA-binding properties 87. Furthermore we showed that these two 
functionalities can be tuned by varying the number of positively charged residues 
within the C-terminal region of Tat peptide. To this point, the most significant outcome 
of our investigation is a mutated Tat sequence (TatGGG) that is able to efficiently 
perform nuclear targeting of large cargoes by an energy consuming process. 

Finally, as an essential step towards TatGGG-based cellular delivery, we demonstrated 
that this mutant preserves the extracellular properties of its wild-type precursor 
(TatRRR) in terms of the internalization route, although with a detectable decrease in 
membrane affinity. 
 

Tab. 4.1  point-FRAP disk-FRAP line-FRAP 

Protein Keq 

 
τ(C→N) 

 

(s) 

kDN 

 
(µm3/s) 

kAT 

 
(µm3/s) 

DC 

 
(µm2/s) 

DN
a 

 
(µm2/s) 

pbN 

 
 

GFP ~1 77 ± 19 13.6 ± 3.7 0 20 ± 5 19.8 - 

NLSEDP-GFP 3.3 60 ± 3 5.2 ± 0.6 10 – 17.1 11.9 ± 2.6 17.8 - 

TatRRR-GFP ~1 410 ± 125 2.7 ± 1.5 0 5.9 ± 1.5 6 1 

TatRRG-GFP 1.1 172 ± 25 3.2 ± 1.2 0.3 – 3.5 6.1 ± 0.7 ND 0.95 

TatRGG-GFP 1.6 95 ± 15 5.2 ± 1.6 3.0 – 8.3 6.9 ± 1 ND 0.77 

TatGGG-GFP 2.1 66 ± 9 7.5 ± 1.2 7.1 – 15.7 9.8 ± 1.3 14.4 0.56 

NLSGGG-GFP 2.4 66 ± 11 5 ± 2 7.2 – 12 11.2 ± 1.6 19.6 - 

NLSRRR-GFP 1.2 262 ± 36 1.2 ± 0.3 0.2 – 1.4 4.5 ± 0.8 4.3 - 
 

Tab. 4.1 Transport and diffusion parameters derived from FRAP measurements on Tat-derived 
mutants. Abbreviations: kDN passive diffusion parameter (mean ± SD values); kAT active transport 
parameter (mean ± SD values); DC and DN, effective diffusion coefficient within cytoplasm and 
nucleus, respectively (mean ± SD values); τ(C→N), time constant of nuclear fluorescence recovery 
(mean ± SD values); pbN, fraction of bound molecules in the nucleoplasm; GFP, green fluorescent 
protein; Keq, ratio between nucleoplasmic and cytoplasmic fluorescence (range of reported values); 
NLS, nuclear localization signal of the simian virus 40; τ(C→N), time constant of nuclear fluorescence 
recovery (mean ± SD values). 

  
 



 

 



 

 
Chapter 

   5 
 

FLIM analysis of interactions during nuclear 
import 

 
 
 
 
 
 
 
So far we demonstrated that Tat-cargo nucleus/cytoplasm shuttling in living cells is 
dominated by passive diffusion. By dissecting the role played by intracellular 
interactions in determining this behavior, we showed that the NLS function that is 
suppressed in wild-type Tat peptide can be fully recovered in engineered mutants, like 
TatGGG. The combination of FRAP experiments and energy depletion assays suggest 
the presence of a receptor-mediated mechanism in determining the nuclear localization 
of TatGGG-tagged cargoes. This motivated us to investigate the role of Importins in 
mediating TatRRR/GGG cytoplasm-to-nucleus transport in living cells. 

To date the nuclear import process was studied at the molecular level mainly by in 
vitro binding assays, with purified and isolated components. Current developments of 
multicolor fluorescent protein variants, however, allow the visualization of protein-
protein interactions in living cells by FRET 83, 107. A technique that is particularly 
attractive for FRET quantification is Fluorescence Lifetime Imaging Microscopy 
(FLIM). FLIM-based assays were shown to be useful in the study of protein-protein 
interactions largely owing to their independence on fluorophore concentration. 
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Furthermore, this method is performed at equilibrium and does not require separation 
of free and bound species. 
 
5.1 An introduction to the nuclear import machinery 
Although small proteins (up to 60-70 kd) can move through the NPC by passive 
diffusion, larger proteins require soluble transport receptors called karyopherins 108. 
Importin-β (Imp-β) is one of the predominant karyopherins that drive import. Although 
a small number of cargo proteins may bind Imp-β directly, most cargoes require the 
adaptor protein Importin-α (Imp-α) (Fig. 5.1). Imp-α contains a C-terminal region that 
binds directly to proteins containing an NLS sequence 109 110. However, Imp-α also 
contains an N-terminal auto-inhibitory domain (named IBB) that blocks the NLS-
binding site 111. Binding of Imp-β to Imp-α relieves this autoinhibitory blockade and 
allows Imp-α to bind cargo proteins with high affinity 112. Translocation of the Imp-α-
Imp-β-cargo complex through the NPC is thought to be mediated by weak hydrophobic 
interactions between Imp-β and nucleoporins 113. On the nuclear side of the NPC, 
RanGTP dislodges Imp-β from the complex 114. The Imp-α-cargo heterodimer then 
dissociates, assisted by the high affinity binding of CAS to NLS-free Imp-α. CAS is a 
karyopherin that determines the export of Imp-α in association with RanGTP 115. Both 
the RanGTP-Imp-β and RanGTP-CAS-Imp-α complexes translocate back to the 
cytoplasm where RanGAP (assisted by RanBP1 and Imp-α) hydrolyzes the RanGTP to 
RanGDP 116 117 118. The export complexes disassociate and the transport receptors are 
recycled for another round of import. The gradient of RanGTP between the nucleus 
and cytoplasm provides the energy to drive transport 119. 

In addition to this import route (followed by the classical NLS of SV40 and 
Nucleoplasmin), recent studies identified several novel types of pathways in which 
Imp-β binds directly to its cognate cargo without Imp-α 120 121 122. Notably, wild-type 
Tat peptide was ascribed to this class of NLS, based on in vitro assays 9 8. 

In a typical FRET-by-FLIM measurement, the donor decay function can be 
approximated by a double-exponential model, with the slow lifetime component 
corresponding to non-interacting (unquenched) donor molecules and the fast 
component to the interacting (quenched) donor molecules. If the labeling is complete, 
as it can be expected if the cell is expressing fusion proteins of the FPs, the decay 
components directly represent the fractions of interacting and non-interacting proteins. 
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Fig. 5.1. Schematic diagram of the NLS-dependent nuclear import pathway. 
Yellow, importin-α; green, importin-β; cyan, NLS-containing cargo protein; magenta, 
Ran-GTP. For simplicity, other factors involved in the pathway such as nuclear 
transport factor-2, the nuclear export receptor for importin-α, and Ran-binding proteins 
have been omitted from the diagram. Taken from Catimel et al. 123 

 
Here we chose EGFP as the donor fluorophore (high brightness and photostability, 

monoexponential lifetime), and mCherry as the acceptor (fast maturation, large 
absorption and high photostability 83, 124). Thus we shall present FLIM analysis of 
protein-protein interactions in cells co-expressing the mCherry-tagged NLS sequence 
and either the EGFP-tagged Imp-α or Imp-β carrier proteins. First, we put to test this 
approach by studying the well-known NLSSV40-Imp-α/Imp-β system: we shall show a 
quantitative analysis of the molecular interactions taking place during the whole 
process of nuclear import. Second, we applied this method to the study of the 
TatRRR/GGG pair: we found that no import carriers are involved in mediating TatRRR-
cargo nucleus/cytoplasm shuttling (in keeping with the results shown so far), while 
both Imp-α and Imp-β separately contribute to the nuclear accumulation of TatGGG-
cargoes through direct binding. 

Within this framework we clarified for the first time Tat-driven interactions with 
importins in living cells: the results presented here complement what so far reported on 
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the intracellular properties of Tat sequence and provide a comprehensive description of 
its transport biology. 
 
5.2 Materials and Methods 
 

5.2.1 Plasmids, cell culture and transfections 
The mammalian expression vector encoding for TatRRR-mCherry, TatGGG-mCherry and 
NLS-mCherry fusion proteins were generated by PCR amplification of mCherry 
template (generous gift of Roger Y. Tsien) and were replaced into HindIII-EcoRI sites 
of TatRRR-EGFP, TatGGG- EGFP and NLS-EGFP pcDNA3 templates, respectively (see 
Chapter 3). The primers used to amplify mCherry template are reported in Appendix D 
(primer 10, 11). 

Importin-β-EGFP (sequence of karyopherin Beta-1 KPBN1 isoform in NCBI, 
accession number: NM_002265) is a generous gift of Marilena Ciciarello (Istituto di 
Biologia e Patologia Molecolari, CNR, Roma). EGFP-Importin-α (mouse full length 
mNPI2, accession No. AF020773) is a generous gift of Yoshinari Yasuda (Department 
of Frontier Biosciences, Osaka University, Japan). 

CHO-K1 from ATCC (CCL-61 ATCC) were cultured and transfected as described 
previously. 
 

5.2.2 Fluorescence lifetime measurements and data analysis 
FLIM measurements were performed illuminating the sample with a 468-nm pulsed 
diode laser at 50 MHz repetition rate. Fluorescence emission was detected with fast 
photon-counting heads (H7422P-40, Hamamatsu) and time-correlated single-photon 
counting electronics (SPC-830, Becker & Hickl, Berlin, Germany) at 500-540 nm by 
means of a bandpass filter (510AF23, Omega Optical, Brattleboro, VT). Measurements 
were performed in vivo on the confocal system previously described with a 40x oil-
immersion objective (Leica Microsystems). Laser power was adjusted to give photon 
counting rates of about 105 cps. Fluorescence decays were analyzed by SPC-Image 
(Becker & Hickl, Berlin Germany) software package. 

Fluorescence-decay curves of biological samples containing one fluorescent species 
(e.g. donor) were fitted within a single-exponential model: the result of the fitting 
procedure is a single fluorescence lifetime, characteristic of that species. When two 
fluorescent species are present (e.g. donor and acceptor), we apply a double 
exponential decay model, described by Eq. 5.1: 
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where a1, a2 (a1+a2=1) are the amplitude coefficients corresponding to the individual 
lifetime components τ1 and τ2. By this model we derived the distribution of the average 
lifetime τm, that is expressed by Eq. 5.2: 
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The τm values were collected pixel-by-pixel from TCSPC lifetime data in a region of 
interest (roi): the corresponding appearance frequencies were then calculated in order to 
generate τm distribution histograms. 
 
5.3 FRET-by-FLIM analysis of nuclear import 
 
5.3.1 Subcellular localization of constructs 
The fluorescent chimeras used in this study were individually transfected in CHO-K1 
cells and their subcellular localization was analyzed by confocal microscopy (Fig. 5.2). 
As expected, NLSSV40-mCherry and TatGGG-mCherry proteins were predominantly 
localized in the nucleus (Fig. 5.2.a-b) while TatRRR-mCherry sub-cellular distribution 
was relatively uniform between cytoplasm and nucleoplasm, with a concomitant slight 
enrichment in nucleolar fluorescence (Fig. 5.2.c), in keeping with previous 
measurements on their EGFP-tagged counterparts. Tagging to mCherry protein did not 
alter the NLS and Tat transport kinetics, as revealed by FRAP analysis of nucleus-
cytoplasm exchange (data not shown). 

Confocal microscopy showed an almost complementary distribution of EGFP-Imp-α 
and Imp-β-EGFP fluorescence between compartments (Fig. 5.2.d-e): in detail, EGFP-
Imp-α is predominantly localized in the nucleus (Keq≥1), while Imp-β-EGFP is almost 
exclusively accumulated in the cytoplasm (Keq«1). Both constructs are locally 
accumulated on the nuclear envelope with a characteristic dot-like pattern, that 
presumably corresponds to binding sites on NPCs (Fig. 5.2.f).  

These results are consistent with those of previous studies using 
immunocytochemistry 125-127. 
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Fig. 5.2 Intracellular localization of constructs. (a-c) Subcellular distribution of mCherry 
tagged to NLSSV40, TatGGG, and TatRRR sequences, respectively. Scale bars: 10µm. (d, e) 
Physiological localization of import carrier proteins (EGFP-Imp-α and Imp-β-EGFP), 
studied by confocal imaging. Scale bars: 10µm. (f) The dot-like accumulation of Imp-β-
EGFP is here discernible by extensive magnification of the nuclear envelope using a 100x 
objective. Scale bar: 0.5µm. 

 
5.3.2 Proof of principle: a FLIM-based assay to study NLSSV40-Imp-α/β 
interactions 
Preliminarly, we performed FLIM analysis of cells expressing EGFP-Imp-α alone. 
Thus, 468-nm pulsed excitation and TCSPC-detection were used to generate intensity 
and lifetime images of the transfected cell (Fig. 5.3). Significantly, lifetime decays were 
adequately fitted by a monoexponential function yielding 2.56 ± 0.03 ns (mean ± SD 
for N=12 analyzed cells, Tab. 5.1). Remarkably, the lifetime of EGFP appeared quite 
homogeneously dispersed cell-wide (Fig. 5.3.a, right panel) thus highlighting the 
insensitiveness of EGFP emission to different subcellular environments. 

Analogous measurements on Imp-β-EGFP expressing cells yielded an average 
lifetime of 2.57 ± 0.03 ns (mean ± SD for N=12 cells, Tab. 5.1) within a mono-
exponential model. For comparison, we found that isolated EGFP is characterized by a 
single lifetime decay around 2.6 ns, in keeping with published results 128. Thus, Imp-α 
and Imp-β proteins have no detectable influence on the lifetime of their EGFP tag. 
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Fig. 5.3 In vivo FLIM analysis of Imp-α/NLS pair. (a) CHO-K1 cell transfected with EGFP-
Imp-α: intensity image (left) and lifetime map (right) are shown. Scale bar: 10µm. (b) 
Fluorescence decay was fitted to a mono-exponential equation, yielding a mean τ-value around 
2.59 ns (lifetimes from the whole cell are collected in the histogram). (c) Intensity image (left 
panel) and lifetime map (right panel) for cells co-transfected with the EGFP-Imp-α and NLS-
mCherry. Scale bar: 10µm (d) Fluorescence decay was fitted to a double-exponential equation 
with τ2 fixed to 2.56 ns, yielding average lifetimes (τm) distributed around 2.47 ns for the whole 
cell. (e) Intensity image (left) and lifetime map (right) for a cell co-transfected with EGFP-Imp-α 
and untagged mCherry. Scale bar: 10µm. (f) In cells co-expressing EGFP-Imp-α and untagged 
mCherry lifetime data were best fitted to a mono-exponential function: we reported a frequency 
histogram of τ distribution similar to that of EGFP-Imp-α expressing cells. 

 
Subsequently, we measured the lifetime of EGFP in cells co-expressing EGFP-Imp-α 

and NLS-mCherry. Notably, we found that two exponential components were necessary 
for a satisfactory fit of the TCSPC data, suggesting the appearance of NLS-bound Imp-
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α carriers which are capable of FRET. Thus, under a bi-exponential fitting model (Eq. 
5.1) we set τ2=2.56 ns to account for the free Importin form (see above), and analyzed 
the distribution of the average lifetimes τm. Interestingly, the reported τm-values show 
FRET occurrence in all analyzed cells (τm=2.37± 0.13 ns; mean ± SD for N=46 cells, 
Tab. 5.1). 

As a negative control for the studied interaction we analyzed cells co-expressing 
EGFP-Imp-α and untagged mCherry. TCSPC data were well fitted by a monoexponetial 
function, revealing the absence of FRET (color coded image and pixel frequency 
histogram in Fig. 5.3.e-f, cumulative results in Tab. 5.1). We shall conclude that the 
binding of mCherry to the Imp-α protein is dependent on the fused NLS sequence. 

We performed an analogous set of FLIM measurements on cells co-expressing Imp-
β-EGFP and NLS-mCherry (or isolated mCherry as control), but we did not observe a 
detectable FRET signal in N=24 analyzed cells (no significant changes in EGFP 
lifetime from a monoexponential fitting, Tab. 5.1). This result confirms that this NLS-
sequence does not bind directly to Imp-β b. 
 

 
 

Fig. 5.4 Intracellular distribution of Imp-α-NLS interaction. (a) Discrete color map of τm 
intracellular distribution for the same cell of Fig. 5.3.c. (b) Frequency histogram of τm 
distribution in the nucleus (blue) and cytoplasm (green). 

 
Notably, an accurate analysis of τm-values revealed a non-uniform spatial distribution 

of Imp-α-NLS interaction within cells (Fig. 5.4.a-b). As shown better by the discrete 
color-map, in fact, FRET occurs preferentially in the cytoplasm, in keeping with the 
                                                 
b In this case the transfected Imp-β-EGFP and NLS-mCherry form a ternary complex with the endogenous Imp-α. According 
to the molecular model, Imp-α binds directly to NLS-mCherry while Imp-β-EGFP in turn binds to the IBB of Imp-α (Fig. 
5.1). Note that FRET efficiency varies non linearly with the distance between fluorophores (Eq. B.4 in appendix B): thus we 
can argue that the adaptor protein Imp-α leads to a distance between tagged NLS and Imp-β in the ternary complex that 
strongly reduces FRET efficiency. 
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accepted model of nuclear import (NLS-Imp-α complex formation in the 
cytoplasm/complex dissociation in the nucleoplasm, see Fig. 5.1). 
 
5.3.3 Application of the method to TatRRR/TatGGG sequences 
In the previous section we reported a quantitative FLIM-based analysis of the well-
known NLSSV40-Importin system. Now we apply the same method to the study of Tat 
interactions with Imp-α/β carriers in living cells. 
 

 
 

Fig. 5.5 In vivo FLIM analysis of Imp-α/TatGGG pair. (a) Intensity image and average 
lifetime map (biexponential fit with τ2=2.56 ns) for a cell co-expressing EGFP-Imp-α and 
TatGGG-mCherry. Scale bar: 10µm. (b) Frequency histogram of τm distribution in the whole 
cell (green and blue gaussian lines refer to the analysis of the nuclear and cytoplasmic 
compartments, respectively). The lifetime distribution of the cell expressing EGFP-Imp-α 
(see Fig. 5.3.b) is here reported for comparison (dashed blue histogram). 

 
- TatRRR/TatGGG interaction with Imp-α. We first analyzed cells co-expressing EGFP-

Imp-α and TatGGG-mCherry (Fig. 5.5). FLIM measurements yielded shorter average 
lifetimes compared to the donor only sample, revealing the presence of molecular 
interactions (τm= 2.37 ± 0.11 ns; mean ± SD for N = 21 cells, Tab. 5.1). The reported 
range of τm-values is almost equal to that reported for the Imp-α/NLS pair: this suggests 
that NLS and TatGGG bind to the same site on Imp-α, thus leading to similar 
intermolecular distances between FPs. 

The same analysis shows that TatRRR sequence has no detectable interaction with 
Imp-α carrier (τm-value reported in Tab. 5.1). 

- TatRRR/TatGGG interaction with Imp-β. The same FLIM-based approach was applied 
to cells co-expressing Imp-β-EGFP and TatGGG-mCherry (Fig. 5.6). Average lifetimes 
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reveal that TatGGG-sequence directly interacts with Imp-β (τm=2.32 ± 0.11 ns, mean ± 
SD for N=26 cells, Tab. 5.1). 
 

 
 

Fig. 5.6 In vivo FLIM analysis of Imp-β/TatGGG pair. (a) CHO-K1 cells transfected with Imp-
β-EGFP. Intensity images (left) and average lifetimes maps (right) are shown. Scale bar: 10 µm. 
(b) Fluorescence decay was fitted to a mono-exponential equation, yielding a mean τ-value 
around 2.59 ns (lifetimes from the whole cell are plotted in the histogram) (c) Shorter average 
lifetimes were measured in cells transfected with the Imp-β-EGFP/TatGGG-mCherry, owing to 
FRET occurrence: accordingly, we used a biexponential model to take into account the bound 
specie (τ2 was fixed to 2.56 ns). Scale bar: 10µm. (d) Frequency histogram of τm distribution in 
the whole cell (green and blue gaussian lines refer to the analysis of the nuclear and cytoplasmic 
compartments, respectively). The lifetime distribution of the cell expressing EGFP-Imp-β is here 
reported for comparison (dashed blue histogram). 

 
This value is not far from that observed here for Imp-α-TatGGG complex (see above). 

In this case, the characteristic nucleus/cytoplasm distribution of the interaction observed 
for Imp-α-NLS (Fig. 5.4 and 5.5) is less evident (frequency histogram in Fig. 5.6.c), 
also owing to the poor Imp-β-EGFP nuclear signal. 

Analogously to the case of Imp-α, FLIM-analysis revealed no detectable interaction 
between TatRRR peptide and Imp-β carrier (τm-value reported in Tab. 5.1). 
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Tab. 5.1 - mCh NLS-mCh TatGGG-mCh TatRRR-mCh 

EGFP 2.60 ± 0.02 nd nd nd nd 

EGFP-Imp-α 2.56 ± 0.03 2.55 ± 0.02 2.37 ± 0.13 2.37 ± 0.11 2.55 ± 0.03 

Imp-β-EGFP 2.57 ± 0.03 2.56 ± 0.01 2.56 ± 0.02 2.32 ± 0.11 2.55 ± 0.02 

Tab. 5.1 Average lifetimes derived by FLIM measurements. The τm-values (mean ± SD) derived by 
a bi-exponential fitting (with τ2 fixed) are reported in bold. The other values derive from a 
monoexponential fitting (see text). 
 
5.4 Concluding remarks on Tat interactions and transport biology 
Comprehensive understanding of signal-dependent nuclear import requires the rigorous 
quantitative analysis of both the thermodynamic and kinetic aspects of the mechanism. 
As a step in this direction, here we presented a combination of biophysical techniques 
that allowed us to quantitatively dissect key regulatory events occurring during nuclear 
import in living cells.  

First, we tested the potentiality of this approach on the well-known NLSSV40/Imp-α/β 
system: although detailed structural and functional in vitro analyses of the interactions 
between these components have already been reported 109 111 129, to date no quantitative 
studies have been performed in living cells. As expected, we detected FRET between 
NLS and Imp-α, with an intracellular spatial distribution of the interaction (Fig. 5.4) 
that correlates with the proposed model of cargo binding/release. Concomitantly, no 
binding was reported for the NLS/Imp-β pair, confirming the specificity of NLS 
interaction with the ‘adaptor’ carrier Imp-α. 

Under the framework of this quantitative model, we analyzed TatRRR/TatGGG 
interactions with the import machinery. We previously showed that RRR→GGG 
replacement lets NLS properties of Tat sequence emerge, abolishing interactions with 
intracellular moieties (e.g. RNA and DNA molecules). Accordingly, here we report that 
TatRRR has no appreciable affinity for import carriers, while TatGGG shows functional 
binding to importins (Fig. 5.6 and 5.7). FLIM data on wild-type Tat peptide are in 
keeping with our previous conclusions (based on FRAP and energy depletion assays, 
see Chapter 2-3) and demonstrate TatRRR inability to drive active nuclear translocation 
of cargoes in living cells. We are led to conclude that the TatRRR-Imp-β interaction 
observed by Truant and Cullen is intimately linked to the in vitro experimental 
conditions used in their assays, where no competitors for Imp-β binding were present 9. 
On the basis of those in vitro results, one might expect that the abolishing of 
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intracellular interactions by the RRR→GGG replacement would consequently lead to 
direct Tat-Imp-β interaction. More interestingly, here we showed that mutated Tat is 
able to drive nuclear import by direct binding both to Imp-α and Imp-β, separately. 
Thus we can argue that mutated Tat partially retains the specificity of its precursor for 
Imp-β carrier, but concomitantly gains the new feature of Imp-α-binding. This outcome 
is relevant, since to date no evidence was reported on a direct interaction between Tat-
peptide (or its derivatives) and Imp-α. Further investigation, however, is needed to 
understand to which extent the Imp-α binding capability reported on TatGGG may be 
extended to its precursor sequence (TatRRR), in absence of the intracellular competitors. 
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Targeted cellular delivery using Tat-derived 
peptides: conclusions and future directions 

 
 
 
 
 
In the last decades cell penetrating peptides have attracted much interest as molecular 
carriers for intracellular delivery as they can potentially incorporate specific attributes 
required for efficient cargo delivery to sub-cellular domains. Among these, the Tat 
peptide and its derivatives are the most commonly used in a variety of in vivo 
biotechnological studies. Nonetheless, some crucial issues of Tat-based delivery are 
quite controversial. I identified in the proper understanding of Tat targeting properties 
the starting point for my investigations. Thus, the first part of this thesis work was 
dedicated to the study of Tat-peptide intracellular-transport biology (chapter 2-3). 
These results impact this field both from the methodological point of view (role of in 
vivo studies and of real-time imaging with an array of cargoes and benchmark systems) 
and from that of the specific outcome of our research with the demonstration of the 
actual Tat-peptide nuclear-import properties. From the point of view of the latter issue 
we show that, contrary to previous in vitro experiments, under physiological conditions 
the dominant mechanism is passive diffusion, owing to the relevance of intracellular 
interactions. Furthermore, our approach allowed us to quantitatively define the peculiar 
kinetic parameters of this mechanism and to establish the limitations of this route in 
terms of acceptable cargo size. 

By scanning mutagenesis I demonstrated, for the first time, the dual functionality of 
Tat peptide in living cells, and identied both the stretch responsible for the NLS-
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functionality (YGRKKRRQ) and the one responsible for binding to intracellular 
moieties (RRR) (chapter 4). Based on this knowledge I showed how to tune the 
intracellular Tat-peptide-sequence properties both in terms of its localization and of its 
dominant transport mechanism. Altogether, I believe that this set of results can be of 
much interest for those who exploit the Tat peptide as a molecular carrier, in order to 
better tune its properties in light of given diagnostic or therapeutic applications. In 
particular, a Tat-derived peptide (namely, TatGGG) showed promising results as a 
functional localization sequence, since it is able to deliver a large cargo (GFP4) to the 
nucleus through an energy consuming process. I also verified that the TatGGG-vector is 
still capable of crossing cell membranes and elucidated its mechanism of 
internalization through in vivo colocalization assays. The RRR→GGG replacement 
does not change the internalization pathway of Tat peptide. Internalization occurs 
through macropinocytosis and clathrin-dependent endocytosis. The same pathways 
were observed also with the full-length precursor Tat86 protein, thereby establishing a 
unified model for the cellular uptake of Tat-based vectors. 

One last question remained, however, concerning Tat intracellular transport 
properties: the combination of FRAP-experiments and energy depletion assays, in fact, 
suggested the presence of a receptor-mediated mechanism in determining the nuclear 
localization of TatGGG-tagged cargoes, but the specific import carriers involved are far 
to be known. To address this issue I established a quantitative FLIM analysis of 
protein-protein interactions in cells co-expressing the mCherry-tagged candidate ‘NLS’ 
and either the EGFP-tagged Imp-α or Imp-β carrier proteins (chapter 5). 

This approach was first tested by studying the well-known NLSSV40-Imp-α/Imp-β 
system and then was applied to the study of the TatRRR/TatGGG pair: it was 
demonstrated that no import carriers are involved in mediating TatRRR-cargo 
nucleus/cytoplasm shuttling, while Imp-α and Imp-β can both separately and 
cooperatively contribute to the nuclear accumulation of TatGGG-cargoes through direct 
interactions. This evidence lets us argue that mutated Tat does retain the specificity of 
its precursor for Imp-β carrier, but gains the new feature of Imp-α-binding. I believe 
that the present analysis of Tat intracellular transport properties yields a unified, 
coherent description of previous conflicting in vivo and in vitro results and lets the true 
nature of the Tat peptide emerge. 

Overall, I demonstrated that wild-type Tat peptide can be engineered to gain novel 
properties, particularly as a tunable nuclear-delivery vector. The final outcome of this 
investigation is a set of Tat-derived sequences that are able to cross cell membranes 
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and that satisfy all the requirements for an efficient intracellular receptor-mediated 
transport of cargoes to the nucleus. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.1. Measurement of endosomal 
acidification after 4 hours of Tat-
E1GFP endocytosis. (a) Four hours 
after treatment with Tat-E1GFP HeLa 
cells were visualized for E1GFP 
fluorescence (green) (b) Ratiometric 
pH-map of Tat-E1GFP-loaded vesicles. 
Image is color-coded according to the 
look-up-table reported on the right. 
Magnified area of the same cell is 
shown in (c) (fluorescence signal) and 
(d) (ratiometric color-coded pH-map). Arrows in (d) indicate two endosomes belonging to 
the two identified subpopulations: white arrow vesicle pH= 6.58, purple arrow vesicle pH= 
5.79. (e) Endosomal pH-distribution of  Tat-E1GFP intracellular pool After 4 hours of 
endocitosis the intracellular pool was composed by two subpopulations of endosomes at 
pH=6.52 and pH=5.95. Further details on these measurements are reported in Appendix C. 
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Modifications made to turn wild-type Tat peptide into a functional NLS did not 
significantly alter its extracellular properties in terms of the followed internalization 
route, as demonstrated in chapter 4 for the TatGGG peptide. We must take in mind that, 
despite the variety of reports on Tat-based-vector mediated cellular uptake of non-
permeant molecules (with the expected biological response) 14, to date no direct 
evidences of Tat-driven cargo escaping from vesicles were reported. Concomitantly, 
however, a domain from Influenza Virus hemagglutinin protein (HA2, sequence: 
GLFEAIEGFIENGWEGMIDGWYG) has been recently characterized by several 
researchers 54, 130-133 as a pH-sensitive agent that destabilizes lipid membranes at low 
pH and enhances vector-mediated cargo release in the cytoplasm. 

Notably, we recently reported direct evidence of vescicle acidification during the 
prototypical internalization routes followed by the Tat86 protein (Fig. 6.1 c). On the 
basis of the previously established comprehensive model of Tat-driven endocytosis 
(chapter 4), we can conclude that pH varies in a similar way during TatRRR- and, more 
interestingly, TatGGG-driven internalization processes. This will allow full exploitation 
of vesicle acidification to achieve high yields of Tat-peptide delivery in the cytoplasm. 
Investigations in this direction represent one of the natural developments of the future 
work. 
 

                                                 
c M. Serresi, R. Bizzarri, F. Cardarelli and F. Beltram. “Real-time measurement of endosomal acidification by a novel 
genetically encoded biosensor” Analytical and bioanalytical chemistry (DOI: 10.1007/s00216-008-2489-7) 
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Using encoded light as a tool: FRAP analysis 
of protein mobility in a living cell 

 
 
 
 
 
 
This appendix reviews the mathematical models that were used for the analysis of 
FRAP data. These calculations are by no means complete and are only intended to 
provide a quick reference. In particular, for section A.2 and A.3 refer to Braeckmans et 
al. (2003, 2007) for an exhaustive review 97, 134, 135. 
 
A.1 The mathematical model for nucleus/cytoplasm exchange 
 

A.1.1 Equations that describe concentration changes 
We described the nuclear/cytoplasmic exchange according to the interaction model 
reported in Fig. A.1. Three molecular species with different permeation characteristics 
are present in the cytoplasm: free (fluorescent) protein (hereafter denoted as P), P 
bound to active import carrier molecule(s) (hereafter denoted as PA), and P bound to 
other intracellular moieties, mobile or immobile (hereafter denoted as PB). In the 
nucleus, instead, we assume that only two species are of relevance: P and PB. Indeed, 
many studies demonstrated that NLS sequences are released from their complex with 
the active import carrier moieties upon conveyance to the nucleoplasm 79, 136. 
 



 Using encoded light as a tool: FRAP analysis of protein mobility in a living cell 78 

 
 

Fig. A.1 Model of nucleocytoplasmic exchange. The free NLS-tagged construct (P) 
in the cytoplasm can bind to both import carriers (PA) and other affine biomolecules 
(PB). We assume that P and PB shuttle across the nuclear envelope by reversible 
passive diffusion (bi-directional black arrows), each specie with its proper diffusion 
characteristics. Conversely, PA complex is actively imported into the nucleus (red 
arrow) where it dissociates out into the two components: this energy-consuming and 
irreversible process leads to the accumulation of the NLS-tagged construct in the 
nuclear compartment. The directionality of the active import process is determined by 
asymmetric distribution of RanGTP between compartments. Refer to Appendix A for 
the mathematical description of this model. 

 
Following this scheme, we set pC, paC, pbC as the cytoplasmic mole fractions of P, 

PA, and PB, respectively. Analogously, we set pN and pbN as the mole fractions of P 
and PB in the nucleus. The mass conservation law states: (pC + paC + pbC) = (pN + pbN) 
= 1. Note that pbC, and pbN are meant to represent mean mole fractions, as in our view 
PB need not to be a single molecular specie; most likely it represents a set of 
complexes with different intracellular moieties and/or stoichiometry. 
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For a typical FRAP experiment, the mass fluxes of an unbleached molecule across 
the nuclear envelope can be related to its concentration according to equations: 
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where: Jdiff
C->N and Jdiff

N->C denote passive flows inward and outward the nucleus; Jact
C-

>N is the active transport flow inward the nucleus; CC and CN are the concentrations of 
unbleached molecules in the cytoplasm and nucleus, respectively; D/W quantifies the 
permeability of the nuclear envelope to passive diffusion (D is the diffusion 
coefficient, W is the resistivity of the nuclear envelope to diffusion, as defined in Wei 
et al. 84); v0 and C0 represent the active transport flow inward the nucleus and the 
cytoplasm concentration of the global pool of investigated molecules 
(unbleached+bleached), respectively. Mass fluxes can be explicitly written in terms of 
concentration derivatives as J=V·(dC/dt), where V is the compartment volume to which 
the concentration is referred. 

Under the assumption that the binding reactions involving P, PB, and PA are much 
faster than the diffusive processes, the global fluxes across the NE can be obtained by 
adding the right term of Eqs. (A.1) for each species weighted by its mole fraction, that 
is: 
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where: CC and CN represent the global concentrations of unbleached protein molecules 
(free + bound) in the cytoplasm and nucleus, respectively; C0 is the sum of global 
concentrations of unbleached and bleached protein molecules in the cytoplasm; v0 
becomes the maximum active transport flux, which is achieved when all the protein is 
bound to the active transporter. It is now useful to define three “empirical” permeation 
parameters, which are functions of mole fractions: 
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Then, Eqs. (A.2-A.3) transform into: 
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The linear system composed by Eqs. (A.7-A.8) admits as solutions: 
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where CC
0 and CC

∞, and CN
0 and CN

∞ represent the concentrations at time zero and at 
equilibrium in the cytoplasm and in the nucleoplasm, respectively. Defining the 
nuclear to cytoplasmic concentration ratio at equilibrium Keq= (CN

∞/ CC
∞), it is easy to 

show that: 
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A.1.2 Equations that describe fluorescence changes 
Now, we assume that direct proportionality between fluorescence and the 
concentration of unbleached protein holds. Then, Eqs. (A.9) and (A.10) can be 
transformed to: 
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Fitting the fluorescence recovery curves after photobleaching to the 
monoexponential Eqs. (A.14-15) allows for the calculation of τ, Keq and, by means of 
Eq. A.16, the ratio between nuclear and cytoplasmic volumes. If the nuclear volume 
can be estimated by the fluorescence image of the cell, kDN is in turn calculated by Eq. 
A.13. Conversely, the fitting parameters are not sufficient to work out separately kDC 
and kAT (Eq. A.11). Two limit cases, however, are to be considered: i) the PA complex 
is the prevalent species in the cytoplasm (i.e.: paC ≈ 1 and pC ≈ pbC ≈ 0), or ii) the PA 
complex is quantitatively negligible compared to P and/or PB in the cytoplasm (i.e.: 
paC « pC, pbC). The first case corresponds to strong NLS capability of P (thus, we 
derive the maximum value of the active transport parameter, kAT

M). The second case 
can correspond either to poor NLS capability of P or to its intracellular expression at 
concentration levels much higher than those of the active import carrier molecule(s) (in 
this case we derive the minimum value of the transport parameter, kAT

m) . In the first 
case, kDC ≈ 0, and Eq. A.11 becomes: 
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In the second case, kDC ≈ kDN, as we suppose the PB dissociate similarly in the 
cytoplasm and the nucleoplasm. Thus, Eq. A.11 transforms into: 
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In both cases, kAT can be straightforwardly obtained from kDN. The actual kAT of a 
generic peptide-GFP will lie between the kAT -values determined for these two extreme 
cases, becoming closer to the higher or lower limit for good or poor NLS capability, 
respectively. 

 

A.1.3 Determination of the protein bound mole fraction in the nucleoplasm 
Taking into account the mass balance in the nucleus, (i.e.: pN + pxN = 1), Eq. A.6 can 
be rearranged into: 
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For purely diffusing P and PB species (pb=0 and pb=1), (D/W) is equal to kDN. Thus, 
Eq. A.19 can be rewritten in the form: 
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Eq. A.20 is useful to determine the mole fraction of bound molecules in the nucleus 
for a series of structurally similar proteins that display sequence-dependent diffusing 
properties, once the passive permeability parameters for the totally free (kDN

P) and 
totally bound (kDN

PB) homologues are known. 
 
A.2 The mathematical model for the bleaching of a uniform disk-
shape geometry 
 
When a geometry is bleached by a CSLM, it is done sequentially, pixel-by-pixel and 
line-by-line. We will assume that the bleaching phase is very short so that the amount 
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of fluorescence recovery that will take place during bleaching is negligible. 
Furthermore, it is assumed that the bleaching reaction can be described by an 
irreversible first-order reaction: 
 

( ) ( ) ( tzyxCzyxI )
t

tzyxC
b ,,,,,,,,

⋅−= α
δ

δ  , 

(A.21) 
 

where C(x,y,z,t) is the spatial concentration of fluorophores at a time t, α is the bleach 
rate which is specific for a certain type of fluorophore in a particular medium, and 
Ib(x,y,z) is the 3-D intensity distribution of the bleaching beam. In a CSLM, the light 
source is a laser beam focused down through an objective lens and the resulting 3-D 
intensity distribution is called the point-spread function (PSF). Analogous to previous 
theoretical work on FRAP in three dimensions, we take the bleaching PSF, Ib(x,y,z) to 
be radially and axially Gaussian distributed with respective resolutions r0 and z0: 
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Eq. A.22 is valid only for lenses of relatively low numerical aperture NA (which 
have a cylindrical illumination profile). Now consider the case of the bleaching of a 
disk-shaped geometry in 3-D samples: if the disk’s radius is much larger than the radial 
resolution r0, the PSF can be considered to have a negligible radial resolution and can 
be approximated by: 
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where δ(x,y) is the Dirac delta function. The concentration of fluorophores after 
bleaching by scanning of the bleaching PSF Ib(x,y,z) can be calculated from: 
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where Cb(x,y,z) and C0(x,y,z) are the concentration of fluorophores after and before 
bleaching, v is the constant line scanning speed, ∆y is the distance between two 
adjacent scanning lines, K(x,y,z) is the bleaching light distribution which results from 
scanning the bleaching geometry with the bleaching PSF (see 97 for details). 
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It can be demonstrated that, if a disk is scanned whose radius w is much larger than 
the radial resolution of the bleaching PSF, the resulting bleaching illumination profile 
is equivalent to that of a stationary beam with a uniform radial and a Gaussian axial 
distribution 97. Thus, the 3-D fluorophore concentration distribution after bleaching of a 
disk can expressed by: 
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where the bleaching parameter is defined as K0=αI0b/v∆y, which determines the 
bleaching depth. 

Finally, for the case of a fully opened confocal aperture, the total fluorescence inside 
the bleaching disk can be calculated from: 
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where F0 is the total fluorescence inside the disk before bleaching, I0 and I1 are the 
modified Bessel functions of 0th and 1st order, K0 is the bleaching 
parameter,αn=1+n(1+(2t/τz)), τr=(w2/4D) the radial characteristic diffusion time, 
τz=(z0

2/4D) is the axial characteristic diffusion time. 
 

A.3 The mathematical model for the bleaching of a line 
 

Now consider the case of the bleaching of a line segment. A focused laser beam with 
effective resolution r0e is scanned along the x-directi
 

on. 

Fig. A.2 Schematic representation of a 

 

laser beam (a) A focused laser beam 
with resolution r0e is scanned along x-
direction with speed v. (b) the laser beam 
has a Gaussian radial intensity 
distribution I. The function L describes 
the modulation of the laser intensity and 
is 1 for –l/2<x<+l/2 and 0 anywhere else. 
Taken from Braeckmans et al. (2007) 134. 
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From position x=-l/2 to +l/2 the laser intensity will be increased to photobleach a 
lin

king with low numerical aperture (NA) lenses with 
a 

e segment of length l (Fig. A.2). 
We will further assume to be wor
virtual cylindrical beam profile and a Gaussian radial intensity distribution, according 

to equation: 
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at can be obtained from Eq. A.22 for z=0. The use of low NA lenses in th
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th is case 
avoids a significant contribution to the recovery from diffusion along the z axis and 
reduces the complexity of the mathematical model. The segment to be bleached should 
be sufficiently larger than the r0e value (l>> r0e): the surface plot of the 2-D function 
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line-FRAP method in combination with YFP, a GFP color variant that can be more 
easily bleached. As shown in Fig. A.3, YFP is 2-3 times more sensible to 
photobleaching compared to GFP. 

In this set of measurements we performed a number of line-scans (190 ms) at low 
intensity to obtain the pre bleach fluorescence signal (F0). Thus, we performed the 
bleaching along the same line for 8 ms with 488- and 514-laser pulse at full power in 
order to obtain a marked photobleaching of the protein (EYFP in these measurements). 
Fluorescence recovery was imaged by xt-scan at a low laser intensity, at 1000 Hz-
frequency, for approximately 800 ms. Following the approach described by 
Breackmans et al., we used a 10x objective with an NA of 0.45 and set the pinhole 
aperture to 2.0 Airy. 
 

 
 

Fig. A.3 Photobleaching kinetics of a YFP-expressing cell in a Fly-Mode 

 

experiment. (a) The cell is repeatedly scanned in one x-direction with 488 and 514 
laser lines at 50% of full power and photobleaching was concomitantly monitored by 
488 excitation at low laser power in the other x-direction.Scale bar: 10 µm (b) 
Photobleaching kinetics of GFP and YFP compared. Normalized fluorescence from in 
vivo experiments plotted as function of the number of scans. c) YFP is 2-3 times more 
sensible to photobleaching than GFP, as can be seen from the number of scans 
necessary to reduce its fluorescence to 50% of the original value. 
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The recovery curve is normalized against a reference region (“r” in Fig. A.4) to 
correct for possible laser intensity fluctuations or possible bleaching while imaging. 
Background signal is always calculated (“bg” in Fig. A.4) and subtracted. Next, the 
fluorescence curve is normalized to the average pre-bleach fluorescence. The 
experimental parameters are finally determined by fit of Eq. (A.29) to the recovery 
curve. 
 

 Tab. A.1 line-FRAP 

Protein D
(µ  m /s)2

K1 r0e 

(µm) 

YFP 21 ± 4 0.57 ± 0.24 1 ± 0.05 

 
 
 
 

Tab. A.1 Diffusion parameters derived by line-FRAP measurements. 
 

This approach allowed us to correctly measure absolute diffusion coefficients along 
a line in living cells. 
 

 
 

Fig. A.4 Application of the line-FRAP method to measure absolute diffusion coefficient 

region y (cytoplasm), fitted by Eq. (1.4) (black line), that yields a D-value of 23 ± 3 µm2/s. 

in YFP-expressing cells. (a) The drawn line indicates the segment that will be 
photobleached . Sub-regions “x” (nucleus) and “y” (cytoplasm) will be analyzed. Sub-
region “r” is the reference region that is used in the calculation of the recovery curves. Sub-
region “bg” is the background (b) The recovery curve as calculated from sub-region x 
(nucleus), fitted by Eq. (1.4) (black line). The diffusion coefficient calculated from this 
particular measurement is D= 22 ± 3 µm2/s. (c) The recovery curve as calculated from sub-
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In ing 
C

 Fig. A.4 we show the application of the line-FRAP method to a YFP express
HO K1 cell. The recovery curves as calculated from sub-region x (nucleus) and y 

(cytoplasm) yield diffusion coefficients of 22 ± 3 µm2/s and 23 ± 3 µm2/s, respectively, 
in agreement with our disk-FRAP measurements of isolated GFP mobility in cells. 
Overall D, K1, and r0e are reported in Tab.A.1. 

It must be considered that the line-FRAP approach can be also used to compare 
protein mobility between compartments, without the need to calculate absolute 
diffusion coefficients (see Chapter 4) 
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In vivo determination of actual protein-protein 
affinity 

 
 
 
 
 
B.1 Fluorescence Resonant Energy Transfer: a brief outline 
 

As briefly explained before in this thesis, FRET (Fluorescence Resonant Energy 
Transfer) can be used to determine whether two molecular entities are in close contact 
(intra- or inter- molecular), on a molecular scale (<100Å). It can also be used 
quantitatively for measuring distances between molecular partners and for providing 
structural informations. 
 
 

Fig. B.1 Absorption and emission 
spectra of EGFP and mCherry. In 
this pair, EGFP functions as Donor 
(D) and mCherry as Acceptor (A) 
(see Chapter 5). The spectral everlap 
between EGFP emission and 
mCherry absorption (dashed spectra) 
leads to FRET occurrence. 

 
 

Consider a system with just one copy each of two different chromophores, with 
individual spectra as shown in Fig. B.1. 
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It is convenient to define the component with higher energy absorption as the donor 
(D), and the other as the acceptor (A). We consider just the ground singlet states (Da, 
Aa) and first excited singlet states (Db, Ab) of each chromophore. Suppose that the 
donor is excited. It will rapidly lose energy by internal conversion until it reaches the 
ground vibrational level of the first excited singlet, Db. If donor emission energies are 
coincident with acceptor absorption energies, the very weak coupling can permit the 
following resonance to take place: 
 

( ) ( )ba
k

ab ADAD T ,, ⎯→⎯  , 
(B.1) 

 

where kT is the rate constant of FRET between a particular (D, A) pair. The energy 
transfer resonance shifts the relative population of excited donors and acceptors. The 
donor becomes quenched, the acceptor becomes excited, and subsequently it can 
fluoresce. The two cromophores need not necessarily be part of the same molecule. 

A physical theory predicting the distance dependence of FRET was proposed by 
Förster 137, 138 . Förster’s theory predicted that energy could be transferred by resonance 
dipole-dipole mechanism over distances between 10 and 100 Å depending on the 
spectroscopic parameters of D and A. The rate of transfer is: 
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where τD is the fluorescence lifetime of D (the measured lifetime in the absence of A); 
R is the distance between D and A; and R0 is a distance parameter calculated from the 
spectroscopic and mutual dipole orientational parameter of D and A when R=R0, kT=1/ 
τD; that is the rates of emission and of FRET are equal at R=R0. 

From a dynamic point of view, the efficiency of energy transfer (E) is the ratio of kT 
to the total sum of rates for all processes by which an excited D can return to its ground 
state, including kT. 
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where the subscript ‘i’ refers to the different pathways of deactivation from the Db 
state. ‘E’ can be measured in several ways. Generally, at steady state, the efficiency of 
transfer can be calculated according to the equation: 
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 (Fig. B.2) FRET efficiency 
 

Thus, as shown in Fig. B.2, the efficiency of transfer decreases as the distance 
between D and A increases. Because of its dependence on the distance FRET has 
become an important tool to verify whether labeled proteins are physically linked and 
to determine distances on the nanometer scale. 

The problem of steady-state FRET techniques is that the concentration of the donor 
and the acceptor changes throughout the sample, and that the donor and acceptor 
fluorescence cannot be completely separated spectrally. 
Since the lifetime does not depend on the concentration of the fluorophore, 
fluorescence lifetime imaging  (FLIM) has become a valuable tool to the mapping of 
cell parameters like pH, ion concentrations or oxygen saturation, and protein 
interactions on the molecular scale. 

In presence of an acceptor molecule (also named ‘quencher’), the fluorescence 
lifetime of the donor becomes shorter than the normally observed one. The resulting 
donor decay functions can be approximated by a double exponential model, with a 
slow lifetime component from non-interacting (unquenched) and a fast component 
from the interacting (quenched) donor molecules (see Ch. 5 for details). If the labeling 
is complete, as it can be expected if the cell is expressing fusion proteins of the GFPs, 
the decay components directly represent the fractions of interacting and non-interacting 
proteins. Double exponential decay analysis delivers the lifetimes, τDA and τD, and the 
intensity factors, a1 and a2 of the two decay components. Thus, E can be expressed by: 
 

DDAE ττ /1−=  
(B.5) 

  
 



 In vivo determination of actual protein-protein affinity 92 

B.2 From FRET to protein-protein affinity 
 

B.2.1 Theoretical derivation of KD

The dissociation constant (KD) corresponding to a generic NLS-Importin interaction 
can be expressed by Eq. (5.6): 
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(B.6) 
 

where [Imp], [NLS], and [Imp-NLS] represent the concentrations of free import 
carrier, free NLS-cargo, and the complex between them, respectively. Each 
concentration can be experimentally determined. In detail, [Imp]=(1-a1)·CImp d, 
[NLS]=CNLS-a1·CImp, and [Imp-NLS]=a1·CImp, where a1 is the fractional population of 
interacting molecules in the cytoplasm derived by FLIM analysis (see below), and CImp 
and CNLS are the total absolute concentrations of importins and NLS-cargoes in the cell, 
respectively. On account of these definitions, the dissociation constant (KD) for the 
NLS-Importin interaction can be calculated by Eq. 5.7: 
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d In the calculation of [Imp] a multiplicative factor ‘γ’ should be introduced if the spontaneous release from 
auto-inhibition by the IBB-domain is to be considered. In this case, γ  determines the fraction of importin that 
is available for direct NLS binding. For what concerns Imp-α, the energy of auto-inhibition was recently 
estimated: ∆G=3 kcal/mol (112 Fanara, P., Hodel, M. R., Corbett, A. H. & Hodel, A. E. Quantitative analysis 
of nuclear localization signal (NLS)-importin alpha interaction through fluorescence depolarization. 
Evidence for auto-inhibitory regulation of NLS binding. J Biol Chem 275, 21218-23 (2000).), that yields 
γ=0.00835. From a free-energy view-point, the overall process of NLS binding to Imp-α can be modeled in 
two steps: i) opening of the binding pocket of Imp-α (reaction 1, dissociation constant Kon/off); ii) binding of 
the activated Imp-α to NLS (reaction 2, dissociation constant KD): 
 

onoff α-Impα-Imp /⎯⎯ →← offonK

 (1) 

NLSα-ImpNLSα-Imp onon −⎯⎯→←+ DK

 (2) 
 
On the contrary, in the case of Imp-β all the expressed carrier is available for NLS binding (there is no auto-
inhibition, thus γ=1). 
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Thus, the experimental determination of KD requires the quantitative analysis of the 
a1-parameter from FLIM (section B.2.3), and correct calibration of intracellular 
fluorophore concentrations (next section). 
 
B.2.2 Calibration of protein concentrations in vivo 
Determination of binding constants inevitably relies upon the in vivo calibration of 
intracellular concentration of fluorescently tagged proteins. The easiest way to 
calibrate EGFP in vivo makes use of EGFP solutions of known concentrations in the 
cell medium. Confocal imaging of EGFP, however, usually shows a gradient of 
fluorescence intensity along the optical axis (z), probably owing to aspecific adsorption 
of the protein onto the bottom of the petri dish (Fig. B.3.b, upper right panel). A pre-
treatment of the petri dish with an adsorption blocking agent such as Bovine Serum 
Albumine (BSA) or chlorosilanes is required whenever GFPs have to be used for 
calibration 139. This procedure is time-consuming and the calibration can not be made 
with the same living specimen under measurement. Here we addressed this issue by 
means of a novel and straightforward method. Notably, we found that the stable and 
biocompatible fluorescein-bound-glycine compound (F-gly) displays a homogeneous 
distribution of fluorescence intensity along the z-axis when confocally imaged (Fig. 
B.3.b, upper left panel) and retains most spectral characteristics of EGFP. Most 
noteworthy, F-gly can not permeate into cells and can therefore be added to cell 
cultures and imaged at the same focal height of cells (Fig. B.3.b, lower left panel) 
without affecting the intracellular determination of EGFP. 

Following this procedure, we carried out the calibration of intracellular EGFP 
concentrations by using crescent amounts of F-gly solubilized in the cell medium at the 
end of each FLIM experiment (Fluorescence vs F-gly concentration is plotted in Fig. 
B.3.b, lower right panel). The brightness ratio between EGFP and F-gly (1.78) was 
determined by steady-state fluorescent measurements in cuvette adopting the same 
excitation and collection ranges of in vivo experiments. The concentration of mCherry 
was in turn calculated by using the measured brightness ratio between EGFP and 
mCherry in the two excitation/emission setups. 

For EGFP-Imp-α and Imp-β-EGFP we found concentration values ranging from the 
1-2 µM up to 20-30 µM in highly transfected cells. Transfected NLS-mCherry 
generally yielded a wider range of expression levels, ranging from low micromolar 
concentrations up to 200-300 µM. 
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Fig. B.3 The method. (a) EGFP and mCherry fluorescence signals were collected under the confocal 
microscope. (b) Intracellular concentrations of proteins were calibrated using the F-gly adduct. F-gly 
displays a homogeneous distribution along the x, y and z axes when imaged and can not permeate into cells 
(upper and lower left panels). On the contrary, EGFP shows a gradient of fluorescence along the optical axis 
(z) in the same conditions (upper right panel). Crescent amounts of F-gly were solubilized in the cell 
medium: collected fluorescence is proportional to F-gly concentration (plot in lower right panel). By 
combining this calibration to steady-state measurements of EGFP (or mCherry) brightness in cuvette we 
were able to convert collected intracellular fluorescence into absolute concentrations of EGFP-Imp-α, Imp-β-
EGFP, and NLS-mCherry (CImp, CNLS). (c) Concomitantly, FLIM measurements and the subsequent data 
analysis yielded the fractional populations of interacting/non-interacting molecules within cells (a1/a2-
values). (d) Combination of the absolute concentrations to FLIM allowed the derivation of the dissociation 
constant (KD) cell-by cell. 
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B.2.3 Derivation of the τDA component 
A prerequisite for quantitative a1 (and consequently, KD) analysis is the derivation of 
the actual lifetime of the complex (τDA-component in the bi-exponential fitting). In the 
following we shall report on the derivation of the τDA value for the Imp-α-NLS 
interaction, but the same approach can be applied to any other pair of interacting 
molecules. 

We analyzed a total amount of 45 cells under a double-exponential model, by fixing 
the free-donor lifetime (τD) to the calculated value of 2.57 ns and letting a1, a2, and τDA 
as free fitting parameters. Note that the plot of τDA vs acceptor/donor concentration 
ratio (A/D) shows an asymptotic behavior (Fig. B.4). The actual τDA value, however, 
should be invariant since the FRET efficiency of the Imp-α-NLS complex is always the 
same. Indeed, the observed variability of τDA for low A/D ratios can be reasonably 
explained by the similarity of τDA and τD values: accordingly, the double-exponential 
fitting can yield an accurate estimation of the actual τDA only when a high fraction of 
bound molecules is present in the sample (for high A/D values). Under this general 
assumption, the actual lifetime of the complex can be extrapolated as the asymptotic 
τDA value in the plot of Fig. B.4 (τDA=2.19 ± 0.03 nse, mean ± SD for A/D>10, N=11 
cells). As mentioned above, we obtained similar results also for Imp-α/TatGGG and Imp-
β/TatGGG cotransfected pairs: this allowed us to establish the correct τDA values for all 
the studied complexes. 
 
 

Fig. B.4 Cumulative lifetime data. The 
obtained τDA-values are plotted against 
acceptor/donor concentration ratios for each 
analyzed cell. In this case, data were fitted 
under a double-exponential model with τD 

fixed to 2.57 ns. 
 
 

                                                 
e The τ1-value extrapolated by the plot of Fig. 4 (2.19 ns) corresponds to a FRET efficiency of 0.15, 
according to Eq. B.5. This value is not surprising, since it was recently reported that the linked EGFP-
mCherry pair yields a FRET efficiency around 0.25 (128 Tramier, M., Zahid, M., Mevel, J. C., Masse, M. J. & 
Coppey-Moisan, M. Sensitivity of CFP/YFP and GFP/mCherry pairs to donor photobleaching on FRET 
determination by fluorescence lifetime imaging microscopy in living cells. Microsc Res Tech 69, 933-9 
(2006). 
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We further assessed the accuracy of our methodological approach by a bioassay that 
confirmed the estimated lifetime of the complex (not shown). 
 
B.2.4 Calculation of in vivo protein-protein affinities 
The KD value for a generic Importin-NLS interaction can be calculated by means of 
Eq. B.7: as described above, the reactant concentrations (CImp and CNLS) were 
experimentally determined by the calibration procedure while the fraction of 
interacting molecules (a1) was derived by FLIM analysis when both τDA and τD 
components are fixed. In keeping with the proposed molecular model (see Fig. 5.1, Ch. 
5), the analysis of protein-protein affinity was performed in the cytoplasmic 
compartment, where Imp-NLS binding preferentially happens. 

For what concerns Imp-α-NLS interaction, the calculation cell-by-cell yielded KD= 
0.85 ± 0.06 µM, mean ± SE for N=45 analyzed cells. 
 

 
 

Fig. B.5 KD dependence on cytoplasmic Importin concentration (a) NLS-Imp-α KD-values 
(green empty circles) compared to TatGGG-Imp-α ones (red empty squares). KD changes with Imp-
α level of expression in a saturation-like manner (see text). (b) TatGGG-Imp-β KD-values plotted 
against carrier concentration. KD-values are distributed randomly around a mean value of 200 
µM, as expected from the absence of intramolecular inhibition within Imp-β protein. 

 
Remarkably, by plotting the reported dissociation constants against the 

corresponding Imp-α cytoplasmic absolute concentrations we noted that KD changes 
with Imp-α level of expression in a saturation-like manner, as plotted in Fig. B.5.a 
(green squares). This behavior can be rationalized considering that: 

i) for low EGFP-Imp-α concentrations (up to 3 µM), the endogenous Imp-β (~1 µM 
135) plays an active role in the reaction, relieving Imp-α from its auto-inhibition: this 
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leads to measurements of higher affinities (accordingly, KD-values drop down towards 
the nanomolar range). 

ii) for high EGFP-Imp-α concentrations (above ~10 µM) endogenous Imp-β can be 
considered negligible compared to expressed proteins: here we measured the direct 
NLS-Imp-α binding, independently of Imp-β intervention. 

We obtained similar results for the Imp-α/TatGGG pair, concerning either the affinity 
value and its dependence on cytoplasmic carrier concentration (Fig. B.5.b, red 
squares). 

Remarkably, the KD-values corresponding to TatGGG-Imp-β interaction show no 
significant correlation with the cytoplasmic concentration of the carrier: they are 
distributed randomly around a mean value of approximately 200 µM. This result was 
expected owing to the absence of intra-molecular inhibition within Imp-β protein. 

Obtained results are in keeping with the accepted molecular model of nuclear import 
and yield the first in vivo experimental evidences of the auto-inhibitory function of 
Imp-α, previously proposed only on the basis of structural information 109-111, 129 and 
functional in vitro assays 112, 123, 140. Further quantitative analysis of these interactions is 
the topic of our current investigations. 
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Green Fluorescent Protein mutants as pH-
biosensors for in vivo applications 

 
 
 
 
In this Appendix I shall summarize the spectral characteristics and biological 
applications of two pH-sensitive GFP variants that were engineered in my laboratory 
(for further experimental details about plasmid constructions, spectroscopic 
measurements and theoretical analysis of fluorescence signal, refer to 141, 142). 

Intracellular pH is an important modulator of cell function. The activity of most 
proteins is affected by even small changes of proton concentration, and a number of 
cellular mechanisms exist that finely regulate the intracellular pH (pHi) value 143. 
Consequently monitoring pHi with high spatial resolution can help elucidate many 
physiological processes taking place within cells. In the search of a valuable alternative 
to common pH indicators much attention was recently given to protein-based 
fluorescent pH indicators. These are particularly promising for the selective targeting 
of subcellular compartments by genetic engineering methodologies 144. 

The green fluorescent protein (GFP) represents a naturally evolved nanosized optical 
device whose use as fluorescent probe in molecular and cell biology is well established 
145. GFP has the remarkable property that the formation of its chromophore is 
genetically encoded and is a spontaneous process in physiological conditions with no 
need for specific cofactors 146. It can be expressed fused to a protein of interest within 
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living cells without losing its optical activity. Furthermore, molecular engineering of 
GFP allows for the modification of fluorophore characteristics in terms of absorption 
efficiency, quantum yield, and emission quenching by a number of ligands 98. The 
presence of one protonation site in the chromophore of most GFP mutants makes these 
proteins interesting candidates for the implementation of fluorescence-based pHi 
indicators 147. Here I shall present two pH-sensitive GFP mutants, E1GFP 
(F64L/T203Y GFP) and E2GFP (F64L/S65T/T203Y/L231H GFP) which present 
spectral characteristics (excitation and emission wavelengths, pK-values, independence 
from the presence of fluorescence quenchers, etc.) finely tuned to a wide range of 
biological applications. 
 

C.1 E1GFP 
 

C.1.1 Optical properties of E1GFP mutant 
The optical properties of E1GFP mutant are reported in Fig. C.1. The absorption 
spectrum of the protein comprises two main bands in the visible region, one located at 
400 nm and one at 510 nm (Fig. C.1.a). 
 

 
 

Fig. C.1 Spectroscopic characteristics of E1GFP (a) Absorbtion spectra of E1GFP in 
dependence of pH (b) Emission fluorescence spectra of E1GFP at different pH: excitation at 408 
nm. 

 
In keeping with the reported spectral properties of GFPs 142, we attributed the first and 
the second band to the neutral and anionic form of the chromophore, respectively. 

Significantly, raising the pH from 5.08 to 8.44 leads to the increase of the anionic 
band but the neutral band does not disappear as expected for a complete 
interconversion from neutral to anionic chromophore. This result was recently 
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explained by some of us in terms of an additional protonation equilibrium coupled to 
that of the chromophore 142. The more complicated protonation pattern, however, does 
not affect the spectroscopical titration curve of the mutant, which revealed an apparent 
pKa of 6.0. At pH below 4.8-5.0, protein unfolding was detected by the appearance of a 
large band around 370 nm. 

Excitation of the neutral band of E1GFP was found to lead to significant fluorescence 
emission around 500 nm, likely owing to an excited-state proton transfer (ESPT) 
mechanism similar to that reported for other GFP mutants. Remarkably, the 
modification of the internal protonation regime from low to high pH in E1GFP yielded 
two well-separated emission bands from neutral chromophore excitation, the first 
peaked at 500 nm and the second at 523 nm. The two bands were found to be 
reversibly interconvertible with pH (Fig. C.1.b), following quantitatively a single site 
titration curve with pKa = 6.04 (not shown). The emission band at high pH was similar 
to that obtained by direct excitation of the excitation band of anionic chromophore at 
470-500 nm, although the latter was characterized by a much higher quantum yield. At 
pH < 5.0 the E1GFP fluorescence was found to almost disappear, consistently with the 
protein unfolding process detected from the absorption spectrum. 
 
C.1.2 E1GFP mutant as emission ratiometric pH-indicator in the cellular 
environment 
The fairly good quantum yields and large pH-dependent emission shift upon excitation 
of the neutral form of the chromophore prompted us to evaluate E1GFP as a ratiometric 
pH indicator in emission for intracellular use. The quantitative analysis of ratiometric 
fluorescent pH indicators shows that the ratiometric response with pH is tipically 
sigmoidal and is characterized by two parameters, the dynamic range (Rf) and the 
ratiometric pKa’. Note that pKa’ identifies the linear pH working range of the indicator 
(≈pKa’±1/n, where n is the number of exchanged protons by the indicator with the 
external buffer) and is strictly related to its actual pKa. The quantitative analysis of the 
ratiometric fluorescent signal shows that both Rf and pKa’ depends also on the optical 
ranges where the emission of the indicator is collected 141. High Rf values (excellent for 
high resolution measurements) are often associated by large deviations of pKa’ from 
pKa. Hence, the collection ranges must be tuned to the pH range where the indicator 
has to perform its activity, and a compromise between Rf and pKa’ must be found 
accordingly. The rather low pKa of E1GFP makes this protein potentially useful to 
monitor acidic intracellular environments, such as endosomal vesicles. We identified 
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two ratiometric setups that provide good Rf values combined with fairly acidic pKa’: 
setup #1, indicated as F505-600/F460-505 (here each subscript refers to the optical collection 
range in nanometers) and setup #2, indicated as F510-600/F460-510. 
 

 
 

Fig. C.2 In vivo ratiometric calibration of E1GFP. (a) Ratiometric pH-map by emission in 
single HeLa cells clamped at different pH values: pH=8 (upper panel) pH=6.7 (middle 
panel) pH=5 (lower panel). Images are color-coded according to the look-up-table on the 
left. Scale bar 10 µm. (b) Calibration curves of ratio (F505-600/F460-505) Live HeLa cells 
expressing E1GFP were imaged at 403 nm (λex) in buffers adjusted to pH values between 
5.7 and 8. (c) pH-measurement of cytosol in living HeLa cells. Confocal imaging of a single 
HeLa cell transfected with caveolin-E1GFP (left panel). Ratiometric map by emission of 
caveolin-E1GFP under physiological conditions: pH(cytosol) =7.3±0.2 (middle panel). The 
same cell was analyzed after treatment with HEPES buffer supplemented with ionophores 
and after perfusion of permeant acid to clamp intracellular pH to 5 (right panel). 

 
The ratiometric properties of E1GFP were assessed in vivo by an established 

calibration procedure. HeLa cells were transfected with a vector encoding for E1GFP 
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protein. After 24-48 hours, most cells expressed the protein in the folded fluorescent 
form, as revealed by confocal microimaging analysis. Cells were then perfused at 37 ºC 
with buffers at different pH (5.5-8.0) containing a mixture of ionophores, in order to 
clamp the intracellular pH to the extracellular value (Fig. C.2.a). Spectral detection of 
intracellular fluorescence was carried out by exciting the neutral protein chromophore 
at 405 nm by a laser source interfaced with the confocal microscope. The plots of the 
F505-600/F460-505 and the F510-600/F460-510 ratios vs pH are reported in Fig. C.2.b. Fitting of 
the ratiometric curves by means of a sigmoidal equation (n = 1) yielded Rf = 8.4 and 
pKa’ = 6.65 for F505-600/F460-505, and Rf = 5.09 and pKa’ = 6.40. 
 
C.1.3 E1GFP as emission ratiometric pH indicator of intracellular transport 
phenomena 
 

As a first assessment of E1GFP’s ability to monitor ratiometrically the pH during 
dynamic phenomena, we constructed a C-terminally-tagged caveolin-E1GFP fusion 
protein. Caveolin-1 is a key component of caveolar membrane with the N- and C- 
termini facing the cytoplasm and a putative “hairpin” intramembrane domain 
embedded within the membrane bilayer 148. We used the intracellular pool of caveolin 
as a dynamic enclosed-membrane compartment that exposed E1GFP to the cytosol. 
Transfected cells were readily observed by confocal microscopy under both the F505-

600/F460-505 and F510-600/F460-510 setups. From the calibration curves (Fig. C.2.b), we 
determined that the cytosolic compartment has a pH=7.3±0.2 in agreement with 
previously published data 144. To demonstrate that dynamic measurements of acidic pH 
values were equally feasible, we clamped the intracellular pH of the transfected cells to 
5.5. As showed in Fig. C.2.c (right panel), after 5 minutes of acidic treatment caveolin-
E1GFP was found to respond in accordance to the cytoplasm pH decrease. Taken 
together, these data show that our approach can be applied to measure pH changes in 
dynamic structures inside a cell: we used E1GFP to monitor pH changes within 
endocytic vesicles upon Tat86-driven internalization (see chapter 6). 
 

C.2 E2GFP 
The GFP mutant F64L/S65T/T203Y/L231H GFP (E2GFP) is a valuable alternative to 
E1GFP as a targetable excitation and emission ratiometric pH indicator for in vivo 
studies. We have a long-lasting interest in E2GFP properties and demonstrated its 
optical switching between a bright and a dark state down to the single-molecule level 
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149. A molecular mechanism to explain this photoinduced reversal of photobleaching 
was also proposed 149-151. 
 
 

 
 

 
 
 
 
 
 
 
 
 
Fig. C.3 Spectroscopic 
characteristics of E2GFP. (a) 
Absorption spectra of E2GFP at 
different pH. (b) Fluorescence 
spectra of E2GFP at different pH 
upon excitation at 473 nm. (c) 
Excitation spectra of E2GFP at 
different pH for emission at 508 nm. 

 
 
 

Here, we show that E2GFP displays marked changes in both excitation and emission 
fluorescence spectra upon pH variations (Fig. C.3). Indeed, E2GFP displays very 
attractive characteristics for fluorescent ratiometric analysis: two distinct forms that are 
convertible upon pH changes both in excitation and in emission, high quantum yields, 
a pK close to the physiological value 7.0, and insensitivity to molecules that reversibly 
quench its fluorescence upon binding (see Bizzarri et al. 2006 for details 141). E2GFP 
can work as a ratiometric pH probe either by excitation or by emission, although with a 
smaller dynamic range in the latter case. 

Furthermore, the spectral properties of E2GFP make it an optimized pH indicator for 
imaging setups supplied with Ar-laser excitation sources. Indeed, excitation of the 
protein at 488 and 458 nm represents the best compromise of signal dynamic range and 
ratiometric deviation from the thermodynamic pK. 
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Fig C.4 Analysis of intracellular pH 
using E2GFP biosensor. Time 
evolution of the intensity image  (left 
column, and ratiometric pH map by 
excitation (right column) of one 
dividing CHO cell transfected with 
E2GFP and maintained in 
physiological medium. We observed 
a progressive alkalinization as the cell 
goes on in the division process (from 
time 0’ to 18’). The exit from the 
mitotic M state and the reentry in the 
G1 state parallels a significant 
decrease (0.2 pH units) of 
intracellular pH (from time 0’ to 
110’). However, no organized pH 
spatial pattern could be observed 
during the division process. The 
intracellular alkalinization during the 
mitotic cycle is related to the changes 
in the Na+/H+ antiport activity during 
DNA synthesis and it has been 
described in the past for several cell 
lines by using organic dyes as pH 
probes. However, to the best of our 
knowledge this is the first time that 
this process is monitored by means of 
a GFP-based indicator. 

 
 

The excitation or photon collection at different wavelengths was demonstrated not to 
degrade the linear response of the probe in the physiological range. 

When tested on cells, E2GFP allowed the determination of average pHi and spatial 
pHi-maps in transfected cells. For the first time with a GFP-based pH indicator, we 
observed the cellular alkalinization upon mitosis and the subsequent acidification upon 
entry in the G1 phase (Fig. C.4). 
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   D 
 

Notations 
 
Primers used for mutagenesis: 

 

- Primer 1: 5’GGA TCC ATG TAT CCC AAG AAG AAG CGG AAA GTG CGA 

CGA AGA3’ 

- Primer 2: 5’GAA GCG GAA AGT GGA AGA CCC AAA GCT TAT AGT GAGC3’ 

- Primer 3: 5’CTA TAG GGA GAC CCT CGC TTG GTA CCG AGC TC3’ 

- Primer 4: 5’GAA GCG GAG ACA GGG AGG AGG AAA GCT TAT AGT GAG 

C3’ 

- Primer 5: 5’GAA GCG GAG ACA GGA AGA CCC AAA GCT TAT AGT GAGC3’ 

- Primer 6: 5’GGA TCC ATG TAT CCC AAG AAG AAG CGG AAA GTG CGA 

CGA AGA3’ 

- Primer 7: 5’GAA GCG GAA AGT GGG AGG AGG AAA GCT TAT AGT GAG 

C3’ 

- Primer 8: 5’GAA GCG GAG ACA GCG AGG AGG AAA GCT TAT AGT GAG 

C3’ 

- Primer 9: 5’GAA GCG GAG ACA GCG ACG AGG AAA GCT TAT AGT GAG 

C3’ 

- Primer 10: 5’CCC AAG CTT GGG ATG GTG GAG CAA GGG CGA3’ 

- Primer 11: 5’CCG GAA TTC CGG TTA CTT GTA CAG CTC GTC CAT GCC3’ 
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- Primer 12: 5’ GTG ACC ACC CTG TCC TAC GGC GTG CAG 3’ 

- Primer 13: 5’CAA CCA CTA CCT GAG CTA CCA GTC CGCCCT GAG 3’ 
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