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Summary 
The Transforming Growth Factor (TGF) superfamily of cytokines and their 

serine/threonine kinase receptors play an important role in the regulation of cell 

division, differentiation, adhesion, migration, organization, and death. Smad proteins 

are the major intracellular signal transducers for the TGF receptor superfamily that 

mediate the signal from the membrane into the nucleus. Bone Morphogenetic Protein-4 

(BMP-4) is a representative of the TGF superfamily, which regulates the formation of 

teeth, limbs and bone, and also plays a role in fracture repair. Binding of BMP-4 to its 

receptor stimulates phosphorylation of Smad1, which subsequently recruits Smad4. A 

hetero-oligomeric complex consisting of Smad1 and Smad4 then translocates into the 

nucleus and regulates transcription of target genes by interacting with transcription 

factors.  

Although the individual steps of the signaling cascade from the receptor to the nucleus 

have been identified, the exact kinetics and the rate limiting step(s) have remained 

elusive. Standard biochemical techniques are not suitable for resolving these issues, as 

they do not offer sufficiently high sensitivity and temporal resolution. In this study, 

advanced optical techniques were used for direct visualization of Smad signaling in live 

mammalian cells. Novel fluorescent biosensors were developed by fusing cyan and 

yellow fluorescent proteins to the signaling molecules Smad1 and Smad4. By 

measuring Fluorescence Resonance Energy Transfer (FRET) between the two 

fluorescent proteins, the kinetics of BMP/Smad signaling was unraveled. A rate-limiting 

delay of 2 - 5 minutes occurred between BMP receptor stimulation and Smad1 

activation. A similar delay was observed in the complex formation between Smad1 and 

Smad4. Further experimentation indicated that the delay is dependent on the Mad 

homology 1 (MH1) domain of Smad1. These results give new insights into the 

dynamics of the BMP receptor – Smad1/4 signaling process and provide a new tool for 

studying Smads and for testing inhibitory drugs. 

 

 

 

 



                    
   
 

Zusammenfassung 

Die Transforming Growth Factor" (TGF)-Superfamilie der Cytokine und ihrer 

Serin/Threonin-Kinase-Rezeptoren spielt eine bedeutende Rolle bei der Regulierung der 

Zellteilung, -differenzierung, -adhäsion, -migration, -organisation, und beim Zelltod. Die 

Smad-Proteine sind die wichtigsten intrazellulären Signalüberträger für die TGF-

Rezeptor-Familie, da sie das Signal von der Zellmembran zum Kern 

übermitteln. Das ,,Bone Morphogenetic Protein4" (BMP-4) ist ein Vertreter der TGF-

Familie, der die Bildung von Zähnen, Gliedmaßen und Knochen reguliert und darüber 

hinaus eine Rolle bei der Frakturheilung spielt. Das Binden von BMP-4 an seinen 

Rezeptor stimuliert die Phosphorylierung von Smad1, welches in der 

Folge Smad4 rekrutiert. Ein hetero-oligomerer Komplex bestehend aus Smad1 und 

Smad4 verlagert sich dann in den Zellkern, wo er durch Interaktion mit 

Transkriptionsfaktoren die Transkription von Zielgenen  reguliert.  Obwohl die 

einzelnen Schritte der Signalkaskade vom Rezeptor bis in den Zellkern bereits 

identifiziert wurden, blieben die Kinetik und die geschwindigkeitsbegrenzenden Schritte 

bisher unbekannt. Gängige biochemische Methoden eignen sich nicht um diese Fragen zu 

lösen, da sie nicht über ausreichende Empfindlichkeit und zeitliches 

Auflösungsvermögen verfügen. In der vorliegenden Arbeit wurden hochentwickelte 

optische Techniken angewandt, um die Smad-vermittelte Signaltransduktion direkt in 

lebenden Zellen sichtbar zu machen. Neue fluoreszierende Biosensoren wurden 

konstruiert, indem gelb- und cyan-fluoreszierende Proteine mit den Signalmoleküle 

Smad1 und Smad4 fusioniert wurden. Durch Messung des ,,Fluorescent Resonance 

Energy Transfer" (FRET) zwischen den zwei fluoreszierenden Proteinen konnte  die 

Kinetik der BMP-Smad-Signalkaskade bestimmt werden. Zwischen der Stimulation des 

Rezeptors und der Aktivierung von Smad1 trat eine geschwindigkeitsbegrenzende 

Verzögerung von 2-5 Minuten auf. Eine ähnliche Verzögerung wurde bei der Bildung 

des Komplexes aus Smad1 und Smad4 beobachtet. Weitere Experimente 

zeigten, dass die Verzögerung von der Mad-Homologie-Domäne 1 (MH1) von Smad1 

abhängt. Die Ergebnisse dieser Arbeit geben neue Einblicke in die Dynamik der BMP-

Rezeptor-Smad1/4 Signaltransduktion und stellen neue Werkzeuge zur Untersuchung 

von Smads und zur Austestung inhibitorischer Wirkstoffe zur Verfügung. 



                    
   
 

"Alice : "Would you tell me, please, which way I ought to go 

from here?"  

"That depends a good deal on where you want to get to," said the 

Cat.  

"I don't much care where –" said Alice.  

"Then it doesn't matter which way you go," said the Cat.  

"– so long as I get somewhere," Alice added as an explanation.  

"Oh, you're sure to do that," said the Cat, "if you only walk 

long enough."  

 

(From Alice in Wonderland by Lewis Carroll.) 
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Abbreviations 
ACP                                                    acyl-carrier protein  

   AGTM                                                O6-alkylguanine-DNA alkyltransferase 

ActR-IA                                              activin receptor type 1a 

ALK-2                                                activin receptor type 2 

AMH                                                  anti-Muellerian hormone 

AR-Smad                                            activated by activin and TGF-β type I receptors  

BISC                                                   BMP induced signaling complexe  

BMP                                                   Bone morphogenetic protein                                           

BRI                                                      bone morphogenetic receptor type 1 

BRII                                                     bone morphogenetic receptor type 2 

BSA                                                     bovine Serum Albumin  

BR-Smad                                             activated by BMP type I receptor 

CCP                                                     clathrin-coated pits  

CD44                                                   cytoplasmic domain 

CFP                                                     cyan fluorescent protein  

Co-Smad                                             common-partner Smad                                                    

COS-1                                                 African green monkey kidney cell line  

C2C12                                   mouse myoblast cell line 

DMEM                                                Dulbecco’s modified Eagle’s Medium  

DRM                                                   detergent-resistant membrane fraction 

Dpp                                                     Decapentaplegic  

E.coli                                                   Escherichia coli 

   EDTA                                                 Ethylenediaminetetraacetic acid 

EGF                                                    epidermal growth factor  

FCS                                                     fluorescence correlation spectroscopy  

FBS                                                     Fetal Bovine Serum  

FLIM                                                   Fluorescence lifetime imaging microscopy  

FLIP                                                    Fluorescence Loss In Photobleaching 

Fig.                                                      Figure 

FRAP                                                  Fluorescence Recovery after Photobleaching 
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FRET                                                  Fluorescence resonance energy transfer  

GDF                                                    growth/differentiation factors 

HEK 293                                             human embryonic kidney cell line 

HeLa                                                   human cervix carcinoma cell line  

I-Smad                                                 inhibitory Smad  

LMB                                                   leptomycin B  

LSM                                                    Laser scanning confocal microscopy  

Mad                                                     mothers against dpp  

MDA-MB468                                     human Adenocarcinoma breast cancer  

MH1                                                    Mad homolog N-terminal domain 

MH2                                                    Mad homolog C-terminal domain  

NES                                                     nuclear export signal  

NLS                                                     nuclear localization signal  

PCR                                                     polymerase chain reaction 

PFC                                                     preformed hetero-oligomeric complexes  

R-Smad                                               receptor-regulated Smad  

SARA                                                  Smad anchor for receptor activation 

SPIM                                                   Selective Plane Illumination Microscopy 

TGF-β                                                 transforming growth factor 

TβR-I                                                  type I TGF-β receptor 

TβR-II                                                 type II TGF-β receptor 

   YFP                                                     yellow fluorescent protein  
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1. Introduction 
1.1 Bone morphogenetic signaling pathway 

 

1.1. 1 Overview 

As multicellular organisms appeared, control was needed over the ability of 

individual cells to divide, differentiate, move, and organize. Complicated intercellular 

communication systems between cells developed to ensure the proper behavior of 

individual cells in the context of the whole organism. One of the forms of 

communication between cells is mediated by secretory polypeptides that are recognized 

by membrane receptors coupled to transcriptional regulatory mechanism. With its about 

40 members in the human genome the transforming growth factor-β (TGF-β) family is 

one of the most famous representatives of this class of polypeptides. TGF-β and its 

family members: the bone morphogenetic proteins (BMPs), myostatins, nodals, anti-

Muellerian hormone (AMH), activins, and others — exert profound effects on cell 

division, differentiation, migration, adhesion, and death. Many cell types may produce 

these factors, and they may be active from the earliest stages of embryo development 

through adulthood, as in the case of the BMPs. The quest to understand how cells read 

these signals started as soon as these factors were identified in the 1980s and is ongoing 

until now.  

Smad proteins are the major signal transducers for the TGF-β superfamily of cytokines 

and their serine/threonine kinase receptors. Smads mediate the signal from the 

membrane receptors into the nucleus. One of the members of the TGF-β superfamily is 

Bone Morphogenetic Protein-4 (BMP-4). BMP-4 stimulates two types of 

transmembrane serin-threonine kinases: BMP receptors type I and type II (BRI and 

BRII). BMP binding initiates a downstream signal primarily mediated by a receptor-

regulated Smad (R-Smad), Smad1, and a common-partner Smad (Co-Smad), Smad4 

(61), that transmit the signal into the nucleus. After BMP binds and activates the BRII 

receptor, BRII activates the kinase activity of BRI, and BRI phosphorylates Smad1. 

Smad1 becomes phosphorylated and dissociates from the BRI receptor because of the 

conformation change of Smad1. After dissociation from the receptor, Smad1 binds to 
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other Smad1 proteins and first forms a homotrimeric complex, and ultimately upon 

Smad4 exchange with Smad1 forms a heterotrimeric complex.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 Schematic outline of the basic mechanism of BMP signaling through Smad 

proteins. First, the BMP-4 ligand binds to its corresponding preformed BMP receptors 

complex. Then, constitutively active type II receptor phosphorylates the type I receptor 

at the GS domain. Next, Smad1 is phosphorylated by the type I receptor and dissociates 

from the receptor complex due to conformational change. After dissociation, Smad1 

forms homo-oligomeric complexes with Smad1, and then hetero-oligomeric complexes 

with Smad4. Smad1/Smad4 complexes accumulate in the nucleus, where they bind 

directly or indirectly to specific promoter regions of target genes together with 

transcription factors (TF)s and/or co-activators/repressors.  

 

The Smad complexes translocate into the nucleus. There, they regulate transcription of 

target genes by interacting with various transcription factors, transcriptional co-

activators or co-repressors, and DNA sequences (Fig. 1.1). In this work, the initial steps 
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of the BMP signaling before and upon binding the BMP-4 ligand was studied by 

fluorescence resonance energy transfer (FRET) (Fig. 1.2). 

The activation and phosphorylation of Smad1 and Smad1/Smad4 complex formation 

was observed with specific Smad1 biosensors. Fluorescence resonance energy transfer 

between cyan and yellow fluorescent proteins fused to Smad1 and Smad4 proteins was 

used to unravel the temporal aspects of BMP/Smad signaling. A rate-limiting delay of 2 

- 5 minutes occurred between BMP activation and Smad1 activity. A similar delay was 

observed in the Smad1/Smad4 complexation. Further experimentation indicated that the 

delay is dependent on the MH1 domain and linker of Smad1. These results give new 

insights into the dynamics of the BMP receptor – Smad1/4 signaling process and 

provide a new tool for studying Smads.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2 General outline of the aims of the work. The goal is to observe by FRET 

microscopy the kinetics of the Smad-dependent BMP signaling. The first goal is to study 

the kinetics of Smad1 phosphorylation with a specific Smad1 biosensor (left). The 

second goal is the observation of the Smad1/Smad4 complex formation with fluorescent 

biosensors (rite). 
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1. 1. 2 TGF-beta and Smads in human disease 

Germline mutations or misregulations in the TGF-β signaling pathway cause 

various developmental disorders and other diseases. The pathologies associated with 

aberrant TGF-β signaling generally affect the muscular, skeletal, and cardiovascular 

systems, as well as some types of cancer predisposition.   Disease-related mutations have 

been identified at every level of TGF-β signaling, including the TGF ligands, type I and 

II receptor kinases, cytoplasmic and nuclear co-factors, and the Smad proteins (38, 124, 

125, 244). Deregulation of TGF signaling has been implicated in autoimmune disorders, 

fibrosis, and vascular diseases such as atherosclerosis, but the majority of pathogenic 

mutations within the TGF-β signaling pathway have been identified in the context of 

human cancers (28). Mutations and dysregulation of the TGF-β signaling pathway result 

in different cancers and also cardiovascular, musculoskeletal and urogenital diseases. For 

example, mutations were found in human hereditary disease like pulmonary arterial 

hypertension (155). The biological effects of TGF-β is the inhibition of proliferation of 

most normal epithelial cells using an autocrine mechanism of action, and this suggests a 

tumor suppressor role for TGF-β. Dysregulation in autocrine TGF-β activity and loss in 

responsivess to exogenous ligands appears to provide some epithelial cells with a growth 

advantage leading to malignant progression. This suggests a pro-oncogenic role for TGF-

β in addition to its tumor suppressor role (4, 29). The TGF-β signaling pathway inhibits 

tumor growth by inducing cell cycle arrest and apoptosis in the early stage of epithelial 

cancer. But, in late stages of this cancer, tumor cells become resistant to growth 

inhibition by TGF-β. The tumor cells are able to inactivate the TGF-β signaling pathway 

and to regulate the cell cycle in an aberrant way. In this case the role of TGF-β becomes 

one of tumor promotion (146). Mutations in the Smad proteins have been found in many 

cancers (58, 59). Smad4 was identified as a possible tumor suppressor gene (52). 

Mutations in Smad4 are associated with approximately 50% of pancreatic cancers and 

30% of colorectal cancers (26, 181, 197-199). Smad4 has also been found to be the target 

of inactivating mutations, albeit less frequently, in prostate (114), ovarian (170), in breast 

(236), lung (209), and skin cancers (40, 235). Juvenile polyposis syndrome (8, 9) is 

caused by germline mutations in either Smad4 (25%) (86) and, to a lesser extent, BRIa 

(17%–40%), and is characterized specifically by a high risk of colorectal and gastric 
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cancer. Smad2 has likewise been found to be mutated in colorectal cancer (40). Smad2 

and Smad4 may have tumor suppressive functions; Smad3 is likely a mediator of 

oncogenic TGF-β signaling. Loss of Smad3 expression in gastric cancer tissues and cell 

lines promotes tumor genesis (27). Study of missense mutations in Smads have been 

particularly fruitful in yielding information about the mechanism of Smad-dependent 

signaling (58, 178). Mutations that occur in Smad2 and Smad4 proteins in tumors occur 

most frequently in the MH2 domain, with only a small number mapping to the MH1 

(DNA-binding) domain (118). The most important tumor-derived MH1 domain mutation 

is the exchange of a arginine to cysteine in Smad2 (R133C) causing colon carcinoma 

and, in the equivalent position of  Smad4 (R100T), causing pancreatic carcinoma (40, 49, 

170). These mutations increase the affinity of the MH1 domain to the MH2 domain of 

Smad2 or Smad4 proteins that make complex formation of Smad2 and Smad4 after 

activation with ligand difficult (56). It is still not completely clear how TGF-β can have a 

dual role as a tumor suppressor and a pro-oncogenic factor. Now, the TGF-β signaling 

pathway is considered as a biomarker for prediction of progressive tumorigenesis. Also, 

the TGF-β signaling pathway is considered as a molecular target for prevention and 

treatment of cancer (146). 

 

1. 1. 3 TGF-β superfamily of cytokines  

The TGF-β system is highly conserved throughout the animal kingdom. Its basic 

pathway provides for a number of signals from the extracellular environments via 

receptors at the cell membrane to the cytoplasm and the nucleus. .  

The proteins with conserved structures have pleiotropic functions in vitro and in vivo (88, 

211). The TGF-β family signaling molecules (i.e., TGF-β s, inhibins, activins, nodal, 

BMPs, myostatin, AMH, and growth/differentiation factors (GDFs)) exert a wide range 

of biological effects on a large variety of cell types. For example, they regulate cell 

differentiation, growth, and apoptosis. All of these effects play an important role in 

patterning during embryonal development. During the postnatal development they are 

important for modulation of the immune system and tissue repair. As was explained 

before, they act as inhibitors of growth for most types of cells. The TGF-β family 

members induce apoptosis of epithelial cells. They are able to stimulate the production of 
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extracellular matrix proteins, inducing fibrosis in various tissues. AMH induces 

Müllerian duct regression during embryogenesis and inhibits the transcription of gonadal 

steroidogenic enzymes. Activins play important roles in the induction of dorsal 

mesoderm during early embryogenesis. Nodal plays critical roles in the induction of 

dorsal mesoderm, anterior patterning, and formation of left–right asymmetry. Myostatin 

or GDF-8 is produced by skeletal muscle cell lineages, and it inhibits their growth. GDF-

5 is structurally related to BMPs. It induces cartilage-like tissue. All these TGF-β 

superfamily proteins have different biological effects in vivo. However, they transmit 

similar, but not identical, intracellular signals in different target cells (31, 117).  

 

1. 1. 4 BMP  

The activity of BMPs was first identified in the 1960s (210) as cytokines that induce 

bone and cartilage tissues in vivo (229), but already in the 1930 Levander discovered 

that simple alcohol extracts of bone induced new bone formation when injected into 

muscle tissue.  

The proteins responsible for bone generation were identified after purification and 

sequencing of bovine BMP-3 and cloning of human BMP-2 and -4 in the 1980s (113, 

216, 226, 229). More than 20 BMP-related proteins have meanwhile been identified, 

and these polypeptides can be subdivided into several groups based on their structures 

and functions (83, 84). BMPs were shown to have diverse effects on various cells, bone 

and cartilage formation and healing, and induction of the ventral mesoderm during 

early embryogenesis (62). BMP-2, 4, and the Drosophila decapentaplegic (dpp) gene 

product form one subgroup (BMP-2/4 group). BMP-5, 6, 7 (also termed osteogenic 

protein-1), BMP-8 (termed osteogenic protein-2), and the Drosophila gbb-60A gene 

product form another subgroup (osteogenic protein-1, OP-1 group). GDF-5, 6 (CDMP-

2 or BMP-13), and GDF-7 (BMP-12) are from a third group (GDF-5 group). Members 

of the BMP family have distinct spatiotemporal expression profiles. Furthermore, the 

biological activities of BMPs are not identical among members, because they bind to 

their receptors with different affinities. In vitro and in vivo functions of BMP regulatory 

molecules and signaling crosstalk with other pathways have led to a better 

understanding of the roles of BMPs under various physiological and pathological 
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conditions (15-19, 39, 45, 46, 53, 68-70, 77-79, 83-86, 108, 109, 129, 130, 136, 156-

160, 180, 190, 191, 200, 216, 225, 227-229, 238-240, 245, 246). 

 

1. 1. 5 TGF-β superfamily serine/threonine kinase receptors. 

The initial step in the cellular action of many growth factors is the interaction 

with specific receptors at the plasma membrane. It is generally assumed that, upon 

binding to the appropriate ligand, receptors generate secondary intracellular signals 

carrying necessary information to selectively affect cellular functions. The TGF-β 

family members initiate their cellular action by binding to receptors with intrinsic 

serine/threonine kinase activity (44). First some TGF-βs have been shown to interact 

strongly with epidermal growth factor (EGF) receptors (142, 182). The specific receptor 

structures for the TGF-βs in target cell membranes were identified in 1982 (145, 154, 

202). This receptor family consists of two subfamilies, type I and type II receptors, 

which are structurally similar, with small cysteine-rich extracellular regions and 

intracellular parts consisting mainly of the kinase domains. Phosphorylation sites in the 

type II TGF-β receptor (TβR-II) and the type I TGF-β receptor (TβR-I) have been 

mapped using wild-type and chimeric receptors (100, 110, 186).  All members of the 

TGF-β superfamily bind to a characteristic combination of type I and type II receptors, 

both of which are important for signaling. Analyses of 125I-labelled TGF-β crosslinked 

to its receptors have shown that the signaling complex is a heterotetramer consisting of 

two TβR-I and two TβR-II molecules. Thus an important step in receptor activation is 

phosphorylation of the tetrameric receptor complex (127, 143, 193, 195, 196, 242).  

Given the large number of ligands within this family (about 30), it is surprising that 

there are only seven type I and only five type II receptors to mediate these signals. It is 

known, that only a few of the theoretically possible receptor combinations can occur.  

Therefore, each receptor combination mediates the downstream cellular signaling of 

multiple grow factors. Only type I receptors have a region rich in glycine and serine 

residues (GS domain) in the juxtamembrane domain. The type II receptors do not have 

this region.  Initially, it was shown that the TGF-β1,2,3 ligands bind the TβRII, which 

then activates one of the TβRI's (ALK1, ALK2, or ALK5) with multiple 
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phosphorylations in the GS domain. In the receptor-activation model, TβRI determines 

of the intracellular signals (14, 30, 41, 100, 222). The TβRI phosphorylations are 

proposed to alter the conformation of the TβRI such that the L45 loop is available for 

binding to R-Smads. Studies of the receptors for the TGF-β ligand have provided two 

models for the activation of these serine/threonine kinase receptor complexes (230). In 

the first model, TGF-β binds to the type II receptor (TβR-II). The TβR-II is present at 

the cell surface in an oligomeric form with activated kinase (23, 63). The TβR-I is in an 

oligomeric form (111) and cannot bind TGF-β in the absence of TβRII. Then, the TβR-I  

is recruited into the complex with the TβRII. Then, TβR-II phosphorylates and activates 

TβR-I. The assembly of the receptor complex is triggered by ligand binding, but the 

complex is also stabilized by the direct interaction between the cytoplasmic parts of the 

receptors (42). The second model (230)  predicts that the type II and type I receptors act 

in sequence. This model is supported by the finding that a constitutively active TβR-I is 

able to exert TGF-β signals in the absence of TβR-II (222). It is likely that some other 

serine/threonine kinase receptor complexes are also activated by a similar mechanism 

(6, 224).   

 

1. 1. 6 BMP serine/threonine kinase receptors and their signaling pathways 

BMPs also signal through serine/threonine kinase receptors, composed of type I 

and II subtypes. BMP first binds to the type I receptor, and subsequently forms an 

oligomer with the type II receptor. There are three type I receptors and three type II 

receptors have been shown to bind BMPs. The type IA and IB BMP receptors (BMPR-

IA or ALK-3 and BMPR-IB or ALK-6) and type IA activin receptor (ActR-IA or ALK-

2) (93, 116, 193, 195, 196). The type II BMP receptor (BMPR-II) and type II and IIB 

activin receptors (ActR-II and ActR-IIB) (82, 85, 161, 243). The BMPR-IA, IB and II 

are specific to BMPs, ActR-IA, II and IIB and also for activins. The type I BMP 

receptor activates different intracellular mediators like R-Smads and p38 MAP kinase. 

R-Smads such as Smad1, 5 and 8 bind the BMPR type I and get phosphorylated in a 

ligand-dependent manner (21, 66, 101, 115, 137, 189). It is also known that the BMPs 

bind with different affinity to type-I and type-II receptors and its subtypes (89-91, 132, 
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161, 196). This observation supports the idea that the affinity of the BMPs to the 

receptors is important for the activation of the signal transduction cascade. It leads to 

the theory that some BMP ligands prefer to bind specific receptors for their signaling 

(39, 116, 196) The BMP receptors type I and type II can exist on the cell surface as 

preformed hetero-oligomeric complexes or as homo-oligomeric complexes only (49). 

Initially, it was shown receptors form a heterotetrameric-activated receptor complex 

after BMP binding. These complexes are consisting of two pairs of a type I and II 

receptors (129, 186). Presently, there is ample evidence suggesting that the 

oligomerization mode of the receptors at the cell surface determines the activation of the 

downstream signaling. The ligand, BMP-2 or BMP-4, has two options for binding to the 

BMP receptors. First, it can bind to the high-affinity receptor Alk3 or Alk6 and then 

recruit BRII into a hetero-oligomeric complex (BMP induced signaling complexes: 

BISC). This process leads to activation of the p38 pathway. The second alternative is 

that BMPs bind simultaneously to the preformed hetero-oligomeric complexes (PFC) 

consisting of one Alk3 or Alk6 and one BRII receptor protein. In this case the affinity of 

the BMP-receptors complex increases (172). This complex then activates the Smad 

signaling pathway (139). However, not only the oligomerization mode of the receptors 

can determine the downstream signaling, but also the endocytosis of the BMP receptor 

modulates signaling. After binding of BMP, the BMP receptors can be internalized into 

early endosomes where signal transduction occurs. Then, receptors can be recycled to 

the plasma membrane or transported to lysosomes or targeted to proteosomes for 

degradation (81). One of the internalization routes is clathrin-coated pits (CCP)-

mediated endocytosis that was proposed to be required for the signaling of several 

transmembrane receptors (20, 32, 121).  Another route is clathrin-independent through 

caveolae. The caveolae are membrane invaginations considered to be a subset of lipid 

rafts containing the integral membrane protein caveolin (96, 164).  

Lipid rafts are specialized membrane domains enriched in certain lipids 

cholesterol and proteins. The existence of lipid rafts was first hypothesized in 1988 

(185, 214).  Several authors postulated the existence of micro domains, which are 

enriched with many kinds of lipids such as cholesterol, glycolipids, and sphingolipids. 

Later, these micro domains were called "lipid rafts". First, the concept of lipid rafts was 
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used for explanation of the transport of cholesterol from the trans-Golgi network to the 

cell surface membrane. The present idea was developed in 1997 (184). The authors 

showed that lipid rafts differ from the rest of the plasma membrane and can be 

extracted. The extraction takes advantage of lipid raft resistance to non-ionic detergents. 

The most common of them are Triton X-100 and Brij-98, which should be used at low 

temperatures (e.g., 4°C). After one of these detergents is added to cells, the fluid 

membrane will dissolve. The lipid rafts may remain intact under these conditions and 

can be extracted. Due to their capacity to resist detergents, lipid rafts are also called 

Detergent Resistant Membranes (DRMs). Also, because it was shown that lipid rafts 

consist primarily of glycosphingolipids,  lipid rafts are called detergent-insoluble 

glycolipid-enriched complexes (GEMs) (12). A protein which has glycosylphosphatidyl 

inositol (GPI) anchor can be collected from lysates of some cells in detergent-insoluble 

form. In this case, the protein is associated with DRM  that contain other GPI-anchored 

proteins and are enriched in glycosphingolipids (12).  

 The dependence of BMP signaling from raft domain has been shown (168). First, it was 

shown that cav-1 isoforms (route through caveolae) bind to overexpressed BRII causing 

BRII to be internalized. Subsequently, BRII is translocated into the cytosol and 

degraded by proteasomes. This degradation process mediated by  cav-1 influences Smad 

signaling by reducing the BRII level (141, 168). However, BRI and BRII, as hetero-

oligomeric or homo-oligomeric complexes, are constantly internalized via clathrin-

mediated endocytosis. BMP binding to PFCs induces R-Smad phosphorylation at the 

plasma membrane. A continuation of Smad signaling requires receptor endocytosis into 

CCPs because inhibition of clathrin-mediated endocytosis reduces the continuation of 

Smad signaling (Fig. 1.3). A second population of BMP receptors (BISC) resides in 

DRMs and activates the p38 MAPK through a Smad-independent pathway. Cholesterol 

depletion specifically inhibits BMP-mediated p38 signaling, leaving the Smad signaling 

pathway unaffected (56). These results demonstrated distinct membrane localizations of 

BMP receptors for specific signaling properties and a tight regulation of signaling by 

different endocytic routes. How the membrane machinery together with different 

endocytic routes of the BMP receptors influences downstream signaling mechanisms 

still remains to be analyzed (56).  
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Fig. 1.3 General outline of the BMP receptor/Smad signal transduction pathway.  BMP 

binding to the heteromeric complex consisting of BMP type I and type II receptors. One 

way of the internalization of these receptors after activation with BMP can occur via 

clathrin-coated pits. This way of the internalization increases the duration of Smad 

signaling. Early endosomes bind anchor proteins, which can recruit more R-Smads to 

the activated receptor. Another way of internalization is clathrin-independent through 

caveolae. In this case, receptors are transported to proteosomes for degradation (taken 

from Susumu Itoh and Peter ten Dijke, 2007 (73)). 

 

1. 1. 7 Downstream signaling mechanisms  

Smad proteins 

Studies in the genetically accessible Drosophila and Caenorhabditis elegans 

have led to a breakthrough in our understanding of how signals are transduced from 

serine/threonine kinase receptors to the nucleus. In Drosophila, the BMP-2/4 

homologue Decapentaplegic (Dpp) acts by binding to the type II and the type I 

receptors. In a genetic screen for dominant enhancers of weak dpp alleles, mothers 
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against dpp (Mad) and Medea were discovered (153, 174). Homozygous Mad mutants 

were found to have a phenotype similar to dpp mutants. These mutants have defects in 

embryonic dorsal–ventral patterning, midgut morphogenesis, and imaginal disc 

development (174). 

Evidence that Mad is a downstream component in the Dpp pathway came from the 

finding that Mad partially rescued the eye phenotype of dppblk (222), that Mad is 

required for the response to Dpp of the visceral mesoderm or endoderm (132), and that 

Mad mutations suppress dominant thick veins alleles (41, 116).  There is also 

biochemical evidence that Mad functions downstream of Dpp receptors in Drosophila 

(132). In C. elegans, daf-1 and daf-4 encode serine/threonine kinase receptors. Daf-4 

mutants are dauer-constitutive and smaller than wild type. Moreover, females are 

defective in egg laying, and males have fused tail rays. Screening for mutants with 

similar phenotypes revealed three genes, sma-2, sma-3 and sma-4, which proved to be 

homologous to Mad of Drosophila (169). Because Sma-2 acts in the same cell as Daf-4, 

and daf-4 is unable to rescue sma-2 mutations, it was concluded that Sma molecules are 

involved in downstream signaling from the Daf-4 receptor. At least nine genes 

homologous to Mad and sma have been identified in Xenopus, mouse, and man, and 

have been shown to be components in signal transduction pathways downstream of 

serine/threonine kinase receptors. To simplify the nomenclature, the name Smad has 

been proposed for vertebrate homologues of Sma and Mad (169). In mammals, eight 

Smad proteins were identified. Smad1, Smad5, and Smad8 are BR-Smads. They are 

activated by BMPs and BMP type I receptors. Smad2 and Smad3 are AR-Smads that 

are activated by TGF-β and activin and its type I receptors. There is only one Co-Smad, 

Smad4, in mammals that are shared by BMP and TGF-β/activin signaling pathways. 

Smad4 was originally identified as a possible tumor suppressor gene, which is 

frequently deleted or otherwise mutated in pancreatic carcinomas (118). The third class 

of Smads, inhibitory Smads (I-Smads), represented by Smad6 and Smad7, negatively 

regulate signaling. 
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Structure of Smads 

R-Smads and Co-Smad, but not I-Smads, contain two structurally conserved 

domains. The N-terminal MH1 domain is responsible for binding to DNA, transcription 

factors, and also to the cytoskeletal scaffold (113). The C-terminal MH2 domain is 

responsible for phosphorylation and complex formation between Smad proteins and for 

interaction with type I receptors, transcriptional activation, and degradation by 

ubiquitination. All R-Smads have a specific sequence at their C-terminal ends (Ser-Ser-

Val/Met-Ser or SSXS motif). Two distal Ser of this motif are phosphorylated by type I 

receptors upon ligand binding. The linker region between the MH1 and MH2 domains 

of R-Smads has consensus sequences phosphorylated by MAP kinases (Fig. 1.4). In 

addition, the PPXY sequence (known as the PY motif), which interacts with proteins 

containing WW  domains (250), is present in the linker regions of most R-Smads and I-

Smads (66, 69, 127).  

 

 

 

 

 

 

 

 

 

Fig. 1.4 Structure of Smads. R-Smads and Co-Smad contain two structurally conserved 

domains. In the basal (unphosphorylated) state, the MH1 and MH2 domains inhibit 

each other though interaction. The N-terminal MH1 domain is responsible for binding 

to DNA and transcription factors. The C-terminal MH2 domain is responsible for 

interaction with type I receptors and phosphorylation by it and for complex formation 

between Smad proteins. The R-Smads have a characteristic Ser-Ser-Val/Met-Ser 

sequence (SSXS motif) at their C-terminal, which is phosphorylated. Once activated, R-

Smads associate with Smad4 and DNA-binding proteins via the MH2 domains, and the 

MH1 domain is able to mediate DNA binding.  
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Activation of Smads  

The phosphorylation of R-Smad is an energetic driver for the Smad-dependent 

signaling pathway. An important question regarding Smad-dependent signaling is the 

mechanism of phosphorylation-induced activation of the R-Smads. One part of the 

mechanism of phosphorylation-induced activation of R-Smads at the MH2 domain is 

through relieving the inhibition of the MH2 domain by MH1. It leads to a dissociation 

of the R-Smad from BRI and complex formation with Co-Smads and subsequent 

binding to DNA and transcription factors (57). Upon BMP stimulation, BRII initiates 

the kinase activity of BRI leading to the phosphorylation of R-Smad (reviewed in (58, 

62, 127, 221)). 

R-Smads have the structurally important L3 loop in the MH2 domain, which 

interacts with the type I receptor. Upon this interaction, the type I receptor kinases 

directly phosphorylate two distal serines in the C-terminus within the SSXS motif (1, 

209). The specific phosphorylation of the R-Smads is controlled by two mechanisms of 

the receptor kinase complexes. First, a loop structure in the receptor kinase domain, the  

L45 loop, interacts with the L3 loop of an R-Smad protein (30, 42, 107, 149). Second, 

R-Smads, such as Smad2 and Smad3, are anchored at the cell membrane by interacting 

with various cytoplasmic proteins, like SARA and cytoplasmic PML or some other 

proteins. In contrast, the molecules that interact with Smad1, -5, or -8 in the cytoplasm 

have not been fully determined until now (208). Recently, it was shown, that Smad1 

interacts with the cytoplasmic domain of CD44. CD44 is a receptor for the extracellular 

matrix macromolecule hyaluronan in chondrocytes. CD44 anchors Smad1 at the plasma 

membrane in resting cells, and helps to present Smad1 to the BMP receptor type I for 

phosphorylation. Disruption of the interaction between Smad1 and CD44 results in 

inhibition of BMPRI-mediated Smad1 phosphorylation. This indicates an important role 

of the CD44-Smad1 interaction in the regulation of BMP signaling (150, 208). Also, it 

was recently shown that the endosome-associated FYVE-domain protein, endofin, is a 

Smad1 anchor protein for receptor activation in the BMP signaling pathway (177). 

Endofin binds Smad1 and enhances Smad1 activation by phosphorylation upon BMPRI 

and nuclear localization after BMP stimulation. Endofin also contains a protein 
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phosphatase-binding motif, which can negatively regulate Smad-dependent signaling by 

dephosphorylation of the BMP receptors. Thus, it plays an important role in both 

positive and negative feedback regulation of the BMP signaling pathway (177). To 

summarize, these evidences demonstrated that the scaffolding proteins contribute to the 

interaction between Smad proteins and receptors, and that this is also a very important 

regulatory mechanism in Smad-dependent signaling. It might also provide an 

explanation for the complicated cell context-dependent specificity of ligand responses. 

Upon BMP stimulation Smad1 changes conformation. Thus, activation of Smad1 is 

dependent on a phosphorylation-induced concerted conformation switch of the Smad1-

MH2 domain. These changes may serve as a trigger in Smad dissociation from the 

receptor and Smad-anchor proteins and make it available for complex formation. The 

L3 loop of R-Smads refolds after R-Smad phosphorylation. It helps to form and 

stabilize the trimeric interaction between R-Smads.  

Phosphorylated R-Smads may initially have a slow rate of release from the receptor 

kinase complex for unclear reason. The released phosphorylated R-Smad protein can 

function as a catalyst to cooperatively induce dissociation of other phosphorylated R-

Smad molecules from the type I receptor. The phosphorylated R-Smad can directly 

compete with the L45 loop from the receptor for the L3 loop interaction using the 

phosphorylated C-terminal tail. Thus, activation of R-Smad is considered to be complex 

cooperative process (152). 

 

Regulation of Smad activity  

There are many processes at the cell membrane and in the cytoplasm that can 

regulate Smad activation. Endocytosis of the TGF-β  receptors also plays a key role in 

regulation of Smad activation. Ligands induce receptors internalization to early 

endosomes, which may be required for continuous TGF-β signaling through Smads  

(56, 61). It is known that composition of the heteromeric receptor complex including 

different co-receptors dictate TGF-β-ligand-binding specificity. These complexes can 

also confer differential intracellular routing. Accordingly, receptor-associated proteins 

may have a role in vesicular trafficking, as well as facilitating TGF-β-induced receptor 

internalization and Smad recruitment to the receptors (61). Multiple protein interactions 
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are likely to control subcellular receptor localization and cell-surface receptor 

availability. These parameters may in turn control the duration of Smad phosphorylation 

and activation. Smad activity differs among cell types and depends on the cell cycle, 

and also on genetic background. Also Smad activity is regulated by different proteins 

from others signaling pathways. Many Smad binding proteins remain to be analyzed 

(119). Smads interact with various proteins including the anchor proteins (see below), 

which play important roles in regulation of their activation. These proteins can directly 

interact with Smads or interact with receptors and modulate Smad signaling. 

Cytoskeletal proteins play an important role, too, in the localization and signaling of 

Smads. For example, unphosphorylated R-Smads bind microtubule filaments, and BMP 

stimulation induces their dissociation. Thus, if Disruption of microtubules increases this 

dissociation from R-Smads, and enhances Smad phosphorylation (33). R-Smads also 

can interact with filamin, a scaffold for intracellular signaling proteins that crosslinks 

actin. ELF, a β-spectrin, associates with R-Smads and induces phosphorylation of 

Smads (193) . 

Smads can also be negative regulated.  Smad6 and Smad7 regulate activation of 

R-Smads (1, 2, and 3). They inhibit Smad signaling through binding to the MH2 

domains of R-Smads and also to the type I receptor. Thus, they prevent recruitment and 

phosphorylation of R-Smads. Smad6 also interferes with the heterooligomerization of 

BMP-activated Smads with Smad4, preventing the formation of an effector Smad 

complex. 

When Smad7 is at the type I TGF-β receptor it forms a complex with Smurf1 or 

Smurf2.  This results in receptor ubiquitination by the Smurf proteins and targets the 

receptor for degradation (38, 82) at caveolin-containing compartments (32), leading to 

inhibition of R-Smad activation.  It was also shown that Smad7 is able to block the 

binding of the RSmad/Smad4 complex to DNA. There are a number of new 

phosphatases, which are able to inhibit Smad signaling. Pyruvate dehydrogenase 

phosphatase (PDP) inhibits Smad signaling. PDP physically interacts with R-Smad and 

dephosphorylates it (22). PPM1A is protein phosphatase that was identified as a nuclear 

phosphatase for R-Smad. It directly dephosphorylates C-terminal phosphorylated 

Smad1, -2 and -3. As was mentioned before, the linker region of R-Smads has 
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consensus sequences phosphorylated by MAP kinases that block Smad activity (48, 95). 

However, the small C-terminal domain phosphatases (SCP1, -2 and -3) were found to 

dephosphorylate the linker regions of Smad2 and 3, thereby enhancing the TGF-β 

signaling pathway by avoiding MAPK-induced blocking of Smad activity. Some of R-

Smad C-terminal domain phosphatases dephosphorylate phosphorylation sites in the 

linker, which plays an inhibitory role for R-Smads by activating C-terminal 

phosphoserines in Smad1 (93, 166). R-Smads have been found to be ubiquitinated and 

targeted for proteasomal degradation by various classes of ubiquitin ligases (37, 73). 

The eIF4A (translation initiation factor) limits the spatial distribution of Smad 

proteins and the duration of Smad signaling. It is directly interacting with Smad1 and 

Smad4 (104). 

Smads also interact with p53 family proteins in the cytoplasm and in the nucleus. 

Recently, it was shown that the full transcriptional activation of the CDK inhibitor 

p21WAF1 by TGF-β requires p53. The p53-deficient cells display an impaired cytostatic 

response to TGF-β signals. p53 and Smad proteins bind separate cis binding elements 

on a target promoter, but they are able to interact and synergistically activate TGF-β-

induced transcription.  The p53 protein can directly interact with Smad2 in a TGF-β-

dependent fashion. The p53 protein binds to the MH1 domain of Smad2. The binding 

site includes the Smads DNA-binding element (SBE) as well as the binding domain for 

other transcription factors, like JunD, LEF-1 and FoxO. This opens the possibility that 

these proteins could modulate the interaction between p53 and Smad2. As was 

mentioned, p53 interacts with the MH1 domain of Smad2, the C-terminal MH2 domain 

of Smad2 is open to interact with FAST-1 and Smad4. This indicates that Smad2 can 

bridge the DNA-bound p53 and FAST-1. It is leading to the assembly of a more stable 

and specific DNA-p53 multifactorial complex (5, 36, 37, 219, 224). The TGF-β 

signaling pathway enhances an expression level of Maspin. This activation requires 

Smad2, which can interact with p53-binding elements in the Maspin promoter. Smad2 

and p53 both cooperate to induce Maspin transcription. The well known promoters, 

PAI-1 and Mix.2, contain a p53-binding element in proximity of the TGF-β enhancer 

(219). The p53 protein can also directly induce the expression of the homeobox genes 

Xhox3 and Mix.1/2. by physical interaction with Smad1.  
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The p53-related protein p73 or its antagonist, ∆Np73, also could interact with BMP-2 

pathways and affect processes of development and tissue regeneration  (68, 103).  

 

Smad complex formation 

After R-Smad phosphorylation and conformational change, it dissociates from 

the type I receptor (180), and interacts with other  R-Smads to form a homodimer or 

homotrimer. Then, these complexes become a heterodimer or heterotrimer consisting of 

one or two R-Smads and one Co-Smad, Smad4 (Fig. 1.6) (116, 253, 254).  

This heteromeric complex translocates to the nucleus where it is involved in 

transcriptional regulation (7, 98, 106, 254). The structure of the MH2 domain of the R-

Smads, together with L3 loop and phosphorylation sequence, provides insight into the 

mechanism of phosphorylation-induced trimerization between R-Smads. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.6 General mechanism of Smad1/Smad4 complexation. After activation of BMP 

receptors with BMP ligand, BRI phosphorylates Smad1. After this, Smad1 dissociates 

from BRI and forms a homotrimer with other Smad1 molecules. One of the Smad1 

proteins is subsequently exchange with Smad4 (from Qin et. al, 2001(152)) 
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There are two distinct structural arrangements of C-terminal tails. The phosphorylated 

tails of R-Smad interact with Lys 418 and Arg 426 in the L3 loop regions of the 

neighboring Smad molecules.  The interactions between the tail and the L3 loop provide 

additional intersubunit contact, and the L3 loop undergoes an open to closed 

conformational transition upon binding of the C-terminal tail. After the trimerization of 

R-Smads, Smad4 replaces one subunit of the R-Smad homotrimer via the conserved 

trimer interface. The L3 loop of Smad4 then functions in place of the R-Smad L3 loop, 

which accepts the phosphorylated C-terminal tail of the neighboring R-Smad due to the 

possible increase in the total subunit contact area in hererotrimer. Furthermore, 

phosphorylated R-Smads can acquire different stoichiometries of heterotrimers with one 

R-Smad molecule and one Smad4 or two with R-Smads and one Smad4. This makes it 

possible to form a heterodimer between R-Smad and Smad4. Smad heterodimers and 

heterotrimers may both exist in the cytoplasm and in the nucleus (152). 

 

Smad nuclear translocation 

The mechanisms of Smad nuclear import and export (120) have been extensively 

studied. The nuclear import of these proteins can occur without the intervention of 

nuclear transport factors (52). Smad proteins in the resting state realize passive nucleo-

cytoplasmic shuttling (154), which is controlled by two opposing signals:  the nuclear 

localization signal (NLS) in the MH1 domain and the nuclear export signal (NES) in the 

MH2 domain. After ligand activation of the receptors, the complexes form, and Smad 

hereterocomplexes translocate to the nucleus apparently due to slow diffusion of the 

Smad heterocomlexes in the nucleus and slow dynamic of the nuclear export. After 

activation of target genes, Smads become dephosphorylated by specific phosphatases. 

Then Smads realize export into the cytoplasm where they either can bind with receptors 

again to become re-phosphorylated and reactivated or can be translocated into the 

proteasome and degraded. These processes are regulated by different signaling 

mechanisms and depend on the stage within the cell cycle. Nuclear translocation of 

Smads in response to regulatory signals relies on importins. Importins are factors that 

mediate nuclear import by recognizing an NLS motif (76). This motif physically 

interact with importin and also  with the nuclear pore components, nucleoporins 
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Nup153 and Nup214 (238). The presence of an NES in the MH2 domain of Smad4 and 

Smad1, but not Smad2 and Smad3, and the recognition of this sequence by the general 

nuclear export factor CRM1 (44) provides for nuclear export of these proteins. If CRM1 

is inhibited by the  specific inhibitor leptomycin B (LMB), the nuclear export of Smad1 

and Smad4 is prevented (235). 

 

Smads transcription factors 

After Smad heterocomplexes translocate into the nucleus they regulate transcription of 

target genes by directly binding via their MH1 domain to specific DNA sequences. 

They can interact with other DNA-binding proteins, recruiting transcriptional co-

activators or co-repressors (127, 195). Smad3 and Smad4 physically interact with 

Smad-binding elements (SBEs), such as AGAC or GTCT sequence. Smad2 does not 

bind to DNA directly; it forms a complex with Smad4, and the complex binds to SBEs. 

Thus, SBEs are important for activin and TGF-β signaling. In contrast, Smad1, -5, and -

8 bind to the AGAC/GTCT sequence only weakly, and instead bind to the GCCGnCGC 

sequence of some target genes (88, 97). Some common genes that show similar 

expression profiles in different biological processes under control of Smads including 

Vent2, BAMBI, Mix2, Smad6, Smad7, Id proteins 1-3, OASIS, Prx2, TIEG, Snail, 

Hey1 (also termed HesR1 and Herp2), Tcf7, ITF-2, ICSBP and also in number of  

organisms BMP-4, BMP-7, BR-II, Tsg, Msx1 and 2, GATA2 and 3, Tlx2, and Tbx2 

(77). In the nucleus, Smads are able to interact with different proteins and complexes 

and can participate in histone modifications and chromatin remodeling (163). Some 

transcription factors interacting with R-Smads in the nucleus play critical roles in 

mediating specific signals by regulating the transcription of target genes. Like the 

transcription factors Runx1, Runx2, and Runx3 (72),  Smads also interact with other 

transcription factors such as MyoD (105), OAZ (58), Vent2 (65), homeobox proteins 

Hoxc-8 (178) and Msx1 (242), and transcriptional repressors SIP1 (215) and 

FoxG1/BF-1 (235). Menin is the product of the MEN1 (multiple endocrine neoplasia 1) 

gene. It can be required for mesenchymal stem cells to differentiate into the osteoblast 

lineage. Menin directly interacts with R-Smads and Runx2 in mesenchymal stem cells. 

It helps to facilitate transcriptional activity induced by R-Smads and Runx2 in the 
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earlier stage of osteoblast differentiation (188). YY1 is a transcription factor that can 

positively and negatively regulates the transcription of many genes. It is able to 

represses the induction of TGF-β- and BMP-early response genes, such as PAI-1 and 

Id1. YY1 interacts with R-Smads and Smad4, and inhibits the binding of the Smad 

heterocomplexes to their DNA in SBE. Smads interact with transcriptional co-activators 

and co-repressors. Transcriptional co-activators, including p300 and CBP (CREB 

binding protein), have histone acetyl transferase (HAT) domains. They induce 

transcription of target genes by opening of nucleosomal structures. This increases the 

accessibility to the general transcription machinery. CBP and p300 physically interact 

with various R-Smads upon TGF-β-ligand stimulation and enhance Smad-dependent 

transcription of target genes (127). Smads bind transcriptional co-repressors including 

c-Ski and SnoN. They recruit N-CoR/SMRT and histone deacetylases (HDACs), and 

repress transcription of target genes. 

 

1.2 Fluorescence microscopy 
 

1. 2. 1 Overview of used techniques 

In recent time (in about 20 years) it has become possible to visualize biological events 

in single live cells using fluorescence microscopy by fusing proteins of interest to the 

green fluorescent protein (GFP) and its variants. With these techniques different 

molecules and their properties can be visualized and analyzed; their interactions and 

conformations change inside of a cell, organelles, tissue and organs.  

In this work, a number of fluorescent microscopy techniques were used, and this chapter 

will explain all of them. Basically, most of the work was based on FRET (see 1.2.2), 

and others techniques were used for support and control experiments. Laser scanning 

confocal Microscopy (LSM) was used to observe the nuclear translocation of 

fluorescent fusion proteins. Total internal reflection (TIRF) microscopy was used to 

excite only molecules at the basolateral surface of the cellular membranes and measure 

FRET on them; Fluorescence Lifetime Imaging Microscopy (FLIM) was used to 

conduct FRET control experiments. All these techniques will be described and 

discussed in more detail below. 
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LSM 

LSM is one of the most major advancement in optical microscopy during the 

past (from 1957). In fact, confocal technology has proved to be one of the most 

important advances ever achieved in optical microscopy.  

With this technique it become possible to use also for visualization of genetically 

engineered proteins (fusions with GFP-like proteins), a wider spectrum of laser light 

sources attached to highly accurate acousto-optic tunable filter controls. Also the 

combination of more advanced software with modern computers (255). 

Confocal microscopy has several advantages over conventional widefield optical 

microscopy: first, the ability to control depth of field, second, elimination or reduction 

of background information away from the focal plane, and, third, the capability to 

collect serial optical sections from thick specimens. The optical resolution of a confocal 

microscope is 250nm, which can be calculated by this formula: 0, 61 *λemn/NA. 

Images are taken point-by-point and reconstructed with a computer, not just projected 

through an eyepiece. In an LSM, a laser beam passes a light source aperture. Then, it is 

focused by an objective lens into a small focal volume within a fluorescent specimen. 

The emitted fluorescent light and reflected  laser light from the illuminated spot are 

recollected by the objective lens. A beam splitter separates these lights and allows only 

the laser light to pass through and  also reflects the fluorescent light into the detection 

apparatus. After passing a pinhole the fluorescent light is detected by a photo-detection 

device; photomultiplier tube (PMT) or avalanche photodiode. They transform the light 

signal into an electrical one, which is recorded by a computer. Thus, the out-of-focus 

points are suppressed. Most of their returning light is blocked by the pinhole. The 

detected light originating from an illuminated volume element within the specimen 

represents one pixel in the resulting image. Because the laser scans over the plane of 

interest, a whole image is obtained pixel by pixel and line by line, while the brightness 

of a resulting image pixel corresponds to the relative intensity of detected fluorescent 

light. Slower scans provide a better signal to noise ratio resulting in better contrast and 

higher resolution. Information can be collected from different focal planes. In this case 

it is necessary to raise or lower the microscope stage. Once images have been collected, 
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a computer can generate a three-dimensional picture. For this, the computer program 

needs to assemble a stack of these two-dimensional images from successive focal 

planes. 

 

TIRF 

The Total Internal Reflection Fluorescence (TIRF) microscopy or evanescent 

wave microscopy has opened the possibility to look at important cellular processes. 

These processes are taking place near the basolateral surface of the plasma membrane 

(189). TIRF microscopy typically illuminates a vertical slice of 100 to 200 nm. The 

cellular photodamage and photobleaching are minimal, and minimizing focal plane drift 

is also more crucial. TIRF images are captured frame-by-frame with charge-coupled 

device (CCD) cameras. These are sensitive and fast and can reach up to ~90% quantum 

efficiency and speeds of ~200 Hz (frames/s). Image intensifiers are required for single 

molecule sensitivity or can be used to minimize exposure times when imaging live cells. 

This technique can enable the direct observation of membranes and vesicles and the 

movement of single molecules during signal transduction and endocytosis. The 

principle of TIRF is based on a number of considerations. First,  light travelling in a 

dense medium (high refractive index, n1) strikes a less dense medium (of lower 

refractive index, n2) beyond a certain ‘critical angle’, Ø, (n1*sinØ1=n2*sinØ2, for 

oil/glass the Øc is about 65°) the light will undergo total internal reflection. As you can 

see, this critical angle depends on the relative refractive indexes of the two media (189). 

For TIRF experiments, cells are grown on glass coverslips or transparent materials of 

high refractive index. A beam of light, usually from a laser or fluorescence lamp, is 

optically coupled into the coverslip by the objective or a prism. If light approaches the 

aqueous medium, it totally reflects into the glass. However, if the light ‘rays’ simply 

bounced off the interface like a mirror; this would not illuminate the cells. In this case, 

some of the energy slightly penetrates the aqueous medium as an ‘evanescent wave’. It 

is propagating parallel to the interface due to ‘near field’ effects. The big advantage of 

TIRF lies in its combinations with other microscopy techniques, for example FRET 

which was used in this work (204). 
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FLIM 

Fluorescence Lifetime Imaging Microscopy (FLIM) is a powerful application, 

which uses pulsed excitation to reveal fluorophore lifetime in cell imaging. By 

fluorescence lifetime we understand the mean time that a fluorophore spends in the 

excited state, usually a few nanoseconds. This state is strongly dependent on the 

microenvironment. Any energy transfer between an excited molecule and its 

surrounding molecules changes the fluorescence lifetime in a predictable way (99), 

independent of chromophore concentration. Thus, fluorescence lifetime can be used to 

quantify anything that involves energy transfer. Fluorescence Resonance Energy 

Transfer (FRET) shortens the fluorescence lifetime of a ‘donor’ fluorophore (100). 

FRET (see below) describes the non-radiative energy transfer from a donor to an 

acceptor fluorophore with overlapping emission and excitation spectra. Two excited-

state dipoles have to come within a critical distance. 

A difficulty in intensity-based FRET measurements in cells is that concentrations of the 

donor and acceptor are variable and unknown. The emission band of the donor extends 

into the absorption and emission band of the acceptor. Thus, the absorption band of the 

acceptor normally extends into the absorption band of the donor. Another complication 

is that only a part of the donor molecules interact with an acceptor molecule. These 

effects are difficult to differentiate in intensity-based FRET measurements. 

Nevertheless, a number of FRET techniques have been developed (34, 35, 51). They 

require several measurements, including images of cells containing only the donor and 

the acceptor. By contrast, FLIM-based FRET techniques have the advantage that the 

results are obtained from a single lifetime measurement of the donor. These approaches 

are nondestructive, and do not require calibration in different cells. Furthermore, FLIM 

can resolve the interacting and noninteracting donor fractions(34, 35, 51). 

 
 
1. 2. 2 FRET  

FRET is a distance-dependent physical process by which energy is transferred 

from an excited molecular fluorophore (the donor) to another fluorophore (the acceptor) 

by means of intermolecular long-range dipole–dipole coupling. FRET is typically 

measured as the ratio of acceptor emission to donor emission on excitation of the donor, 
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giving a value that is proportional to the degree of physical association between the two 

fluorophores.  

FRET is a photophysical phenomenon that occurs between a fluorescent donor and an 

acceptor that are in molecular proximity of each other if the emission spectrum of the 

donor overlaps the majority of the excitation spectrum of the acceptor. By using two 

fluorescent proteins with appropriate spectra makes it possible to monitor distances 

between them in living cells based on FRET. These techniques are based on using 

special proteins with several qualities that make them suitable for in vivo imaging. The 

most common is green fluorescent protein (GFP) from the jellyfish Aequorea victoria 

(206). GFP is a 238 amino acid protein with a β-barrel structure, bearing an internal 

chromophore group consisting of several interacting amino acids (Fig. 1.7A). The 

chromophore of this protein is a hydroxybenzylidene-imidazolidinone derivative formed 

by an autocatalytic, posttranslational cyclization and oxidation of the polypeptide 

backbone, involving Ser-65, Tyr-66, and Gly-67 residues (25, 151). The GFP crystal 

structure has been characterized with 1.9 Å resolution as a monomer (11), as a dimer 

(178), and of several mutants (145, 216). For GFP it was shown that the chromophore is 

always located in the middle part of a central helix inside an 11-stranded β-barrel (Fig. 

1.7A). It is thus totally embedded in the protein matrix and isolated from the bulk 

solvent. The chromophore of the wild type GFP possesses peculiar spectroscopic 

properties such as two absorption peaks at 395 and 475 nm, usually attributed to the 

neutral and anionic forms of the chromophore (220). GFP can be expressed in a variety 

of cells, where it becomes fluorescent without any cofactors. GFP can be used to tag 

signaling peptides or fused to other proteins targeted to specific organelles, such as the 

mitochondria, the nucleus, or the endoplasmic reticulum. Mutagenesis of GFP has 

generated many mutants with different spectral properties. Therefore, it is now possible 

to use several  fluorescent proteins simultaneously (175, 207, 218, 251).  GFP has been 

used as a marker for studying protein folding, trafficking, and localization, and also 

gene expression. Recently, various GFP-mutants were produced. They exhibited - 

compared to GFP - changed fluorescent spectrum properties, most importantly shifted 

excitation and emission spectra (Fig. 1.7 B).  Examples for this are the enhanced cyan 

fluorescent protein (CFP) and the enhanced yellow fluorescent protein (YFP). Under 
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these conditions, energy is transferred non-radiatively from the donor to the acceptor 

with an efficiency E defined by the equation (Fig. 1.7A), where r is the distance 

between two fluorophores and R
0 

(Förster distance) is the distance at which 50 % 

energy transfer takes place (30 Å) for CFP/YFP FRET. The latter is dependent on the 

extent of spectral overlap, the quantum yield of the donor and the distance and relative 

orientation of the donor and acceptor (251).  

Once these proteins had been developed(122, 123, 251), many important applications 

have been developed by using several GFP-mutants to generate FRET-biosensors. 

These biosensors are capable of monitoring complex processes  including intracellular 

protein-protein interactions and others (122, 123, 175, 218, 248, 251). Recently, 

modifications of GFP have provided several fluorophores that can serve as FRET 

donor/acceptor pairs. For example, red-shifted fluorescent proteins (RFPs) can be used 

as FRET acceptors in combination with a GFP donor and also: BFP/YFP, BFP/RFP, 

GFP/RHOD-2. 

When fluorescent proteins are to be selected as workable FRET pairs, three 

spectroscopic properties of the donor and acceptor should be taken into consideration. 

First, there needs to be sufficient separation in excitation spectra to achieve a selective 

stimulation of the donor. Second, as was mentioned before, their needs to be an overlap 

between the emission spectrum of the donor and the excitation spectrum of the acceptor 

to obtain efficient energy transfer (Fig.1.7B). Third, a reasonable separation in emission 

spectra between donor and acceptor fluorophores is required to make sure that the 

fluorescence of each fluorophore can be measured independently (151). However, there 

are also limitations of using GFP-mutants for FRET: the fluorescent proteins (FPs) are 

relatively large, which can cause problems with misfolding or aggregation of the fusion 

protein. 

To date, the most frequently and successfully used donor-acceptor pair is the CFP–YFP 

combination. In FRET experiments, the donor is excited by incident light, and, if an 

acceptor is in close proximity, the excited state energy from the donor can be transferred 

to the acceptor. According to the Förster equation, a doubling of the distance between 

the two fluorophores, for example from R
0 

to 2R
0
, may decrease the efficiency of 
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transfer from 50 % to 1.5 %. Therefore, FRET provides a very sensitive measure of 

intermolecular distances and conformational changes. The FRET technique described 

above suffers from a contamination of the FRET images with bleedthrough components 

because of the incomplete separation of the donor and acceptor excitation and emission 

spectra. When using CFP/YFP, for example, excitation of CFP is associated with partial 

direct excitation of YFP, which therefore will emit independently of FRET. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.7 General properties of YFP and CFP when used for FRET . A, A crystal 

structure of GFP. It consists of numerous β-sheets forming the β-barrel. The 

chromophore is a group of amino acids interacting in the core of the barrel. Below – a 

general equation to calculate Förster resonance energy transfer efficiency (explained in 

text). B, Excitation and emission spectra of the fluorescent proteins CFP and YFP 

which were used as a FRET pair. Overlap of the CFP emission and YFP excitation 

spectra is the basis for FRET (Fig. 1.7A from (151).  

 

The amount of this bleedthrough of CFP emission in the YFP channel between 

fluorophores has to be analyzed for each individual FRET imaging system. To minimize 

the amount of crosstalk it needs careful choice of filter sets. Furthermore, the amount of 

crosstalk should be measured and be used for in the offline image processing phase 
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(233). It should include corrections for bleedthrough and direct YFP excitation (see 

example in materials and methods). Fluorophore crosstalk is a problem for using 

intermolecular FRET. In this case, the intracellular molar ratio between donor and 

acceptor is difficult to control. When different concentrations of the two fluorophores 

occur, it can be misinterpreted as FRET. This problem is overcome if the experimental 

setup for an intermolecular FRET allows monitoring of dynamic FRET. In this 

situation, it is possible to establish by monitoring donor and acceptor fluorescence 

intensity over time whether a change in donor to acceptor fluorescence is a true change 

in FRET. A true FRET change corresponds to a symmetric change of acceptor and 

donor intensity. If it is the case, we see an increase in FRET – simultaneous increase in 

the donor and decrease in acceptor fluorescence as evidence that the FRET signal is 

true. Another method for imaging intermolecular FRET consists in collecting the donor 

emission before and after acceptor photobleaching. In this case, elimination of the 

acceptor by photodestruction releases the energy transferred from donor to acceptor 

with consequent brighter emission from the donor.  

 

1. 2. 3 GFP-based FRET biosensors 

First way to create fluorescent biosensors is to fuse fluorophores to two 

independent domains or proteins whose interaction depends on induced activation (for 

example Smad1 and Smad4). In this case the intermolecular FRET (Fig. 1.8A) is 

measured. FRET increases when two proteins interact or decreases upon protein 

dissociation. Another way to create biosensors is based on intramolecular FRET (Fig. 

1.8B) between CFP and YFP fused to a one-protein sequence interacting with a 

molecule of interest. Binding of the specific ligand to this sequence leads to a 

conformational change, which is monitored by FRET. The constructs for intramolecular 

FRET have an extra advantage. They are containing equimolar amounts of the acceptor 

and donor fluorophores. Thus they allow observing of the dynamic range of FRET 

changes and facilitating quantification.  In the past, many biosensors have been 

developed to observe multiple intracellular processes (123). For example: sensors for 

phospholipase C activation (213)
 
and phosphoinositides (24, 252), cameleons to monitor 

intracellular calcium (124, 151, 205), and reporters of activity of different protein 
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kinases (where a target sequence for a particular kinase is sandwiched between GFP 

variants) (167, 202, 252). Also, bimolecular biosensors have been developed  as a tool 

to monitor interactions between proteins, for example between the regulatory catalytic 

subunit of the PKA(249) or subunits of trimetric G-proteins (13, 75). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 1.8 General principles of fluorescent biosensors. A, Principle of a bimolecular 

biosensor. It consists of two proteins, A and D, fused to YFP and CFP, respectively. 

Intermolecular FRET appears when the proteins are interacting. B, Monomolecular 

biosensor, where a protein sequence, containing two different domains D and A, is 

placed between CFP and YFP. Interaction between the domains leads to a 

conformational change monitored by a change in intramolecular FRET.  

 
Recently novel biosensors for cAMP (2, 3, 135, 165) and cGMP (136) were 

developed.  cAMP and cGMP are second messengers of G protein-coupled receptors 

and regulate a wide variety of cellular processes. cAMP exerts its effects by a dependent 

protein kinase (PKA). cAMP-gated ion channels. Two isoforms of exchange protein 
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directly activated by cAMP (Epac).The cGMP binds specific domains from cGMP-

dependent protein kinase I (GKI). Then it forms phosphodiesterases (PDEs). FRET 

between enhanced CFP and enhanced YFP fused directly to the cAMP-binding and 

cGMP-binding domains of Epac1/2 or GKI was used to analyze in more detail spatial 

and temporal aspects of cAMP/cGMP as well as its physiological role in different cells 

(135, 136). 

 

1. 3 Smad and florescence microscopy 

There are numerous methods and ways to study the activation and duration of 

Smad signaling, the most common being of course, biochemical techniques. But 

recently, with the development of advanced fluorescence microscopy and labeling 

technique, Smad signaling has been studied in more detail by a few microscopy-based 

methods: LSM, FLIP, FRAP. LSM was used to investigate the sub-cellular distributions 

of Smad proteins their sequences for NES was examined. A second and equally 

important aim was to thoroughly investigate the nucleocytoplasmic shuttling of the 

Smad1, Smad2, and Smad3 proteins. The study showed that continued 

nucleocytoplasmic shuttling is a common requisite for the active signaling of R-Smads 

(234, 235). Another example is the investigation of Smad nucleocytoplasmic shuttling 

in a quantitative manner in living cells. The fusions of Smad2 and Smad4 with 

enhanced GFP or photoactivatable green fluorescent protein was used. Direct evidence 

of the shuttling and the shuttling kinetics were determined by simple time-lapse 

fluorescence microscopy of translocation and by combined Fluorescence Loss In 

Photobleaching (FLIP) and Fluorescence Recovery After Photobleaching (FRAP) 

experiments. In these experiments, fluorescence labeled Smads were first observed to 

enter the nucleus upon stimulation and were then photobleached in the area of the 

nucleus to measure the diffusion rates in the nucleus and cytoplasm and ratios between 

them during stimulation (134, 170). The experiments showed that Smad2 and Smad4 

shuttle between the cytoplasm and nucleus in both TGF-β- induced cells and in 

uninduced cells. In uninduced cells, GFPSmad2 is less mobile in the cytoplasm than is 

GFPSmad4, suggesting that it may be tethered there. However, GFPSmad2 and 

GFPSmad4 undergo a substantial decrease in mobility in the nucleus after stimulation 
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with TGF-β . Later on, the same authors have determined with the same technique rate 

constants for import and export of Smad2 and showed that the cytoplasmic localization 

of Smad2 in uninduced cells reflects its nuclear export being more rapid than import. A 

pronounced drop in the export rate of Smad2 caused by TGF-β-induced nuclear 

accumulation of Smad2 was apparently associated with a strong decrease in nuclear 

mobility of Smad2 and Smad4. Last, this data indicated that TGF-β-induced nuclear 

accumulation involves neither a release from cytoplasmic retention nor an increase in 

Smad2 import rate (134, 170).  

 

1. 4 Aims of the work 

The signaling through TGF-β family members, at first glance appears to be a 

simple process. TGF-β ligands bind to serine/threonine kinase transmembrane 

receptors, which then activate intracellular Smad proteins. Smads can control gene 

transcription in the nucleus. However, it has recently become evident that additional 

layers of complexity exist at each step in the TGF-β/Smad pathway from membrane all 

the way to the nucleus, involving processes of receptor activation through Smad 

activation and also translocation into the nucleus. The nature of the effect of each step 

depends on the cellular context. The question is not what the signal can do to the 

cellular processes but what the cell with all its communication systems can do to signal 

an effect? The dynamics of activation and inactivation, subcellular localization, and 

stability of TGF-β signaling components are tightly regulated and subject to input from 

other signaling pathways and specific cellular conditions. Smad signaling has remained 

to be more complicated with all cellular mechanisms at the membrane and in the 

cytoplasm during its activation, and communications due other signaling pathways that 

either work in conjunction to Smad signaling or interfere with the Smad pathway, 

appeared recently. In addition, the number of Smad partners is still rapidly increasing, 

indicating that this process and all of the binding partners of Smads still remain to be 

discovered. Moreover, the rate limiting steps of Smad signaling still needs to be 

investigated. 

At present, the information from dynamic optical microscopic techniques indicates 

that Smad proteins are more mobile than as indicated from biochemical techniques. For 
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example, it is not clear why activation and complexation of R-Smads is relatively slow 

(118) when they are apparently freely mobile in the cytoplasm (170). The studies also 

indicate that the shuttling is reduced after Smads form complexes, Smads have their 

NES motif blocked after phosphorylation, and phosphorylated pools of Smads do not 

exist in the cytoplasm (170). In these experiments and results, only fluorescence 

measurements were performed to indirectly indicate the detailed events up to Smad 

signaling, including the dynamics of phosphorylation and complex formation. Up to 

now, the direct imaging analogies to Western blot analyses of Smad phosphorylation 

and to immunoprecipitations of Smad complexes are lacking. Direct imaging could 

provide the evidence to find the rate-limiting steps in the process of phosphorylation 

and complex formation. To better understand TGF/Smad signaling events, the BMP 

signaling pathway was investigated as an example. For the first time, fluorescent 

biosensors of Smad1 and Smad4 proteins fused with YFP or CFP were created. With 

these biosensors the activation of Smad1, the role of the Smad1 MH1 domain in this 

activation, and Smad1/Smad4 complex formation upon BMP-4 stimulation was 

observed and monitored with detailed time resolution by Fluorescence Resonance 

Energy Transfer (FRET) microscopy (Fig. 1.2).  
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Summary of the aims: 

 

1. Create fluorescent Smad1 and Smad4 biosensors  

 

2. Observe functional activity of these biosensors 

3. Study the kinetics of Smad activation and complex formation by FRET 

 

4. Analyze the rate-limiting step of BMP signaling  

 

5. Complete the kinetic model of BMP signaling with Smad biosensors 

 

6. Use Smad biosensors to analyze signaling under different physiological 

conditions 
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2.  Materials and Methods 

2.1 Materials 
 

Bacteria strains  

E.coli BL-21 DE3 

E.coli Top 10 

 

 

Stratagene  

Stratagene 

Plasmid vectors  

pcDNA3  

pcDNA3-BRII  

pcDNA3-BRIa/b  

pcDNA3-Smad1  

pcDNA3-Smad4 

pEYFP  

pECFP  

pcDNA3-GFPSmad2 

pcDNA3-SBELuc  

 

Invitrogen  

Petra Knaus, Berlin 

Petra Knaus, Berlin 

Petra Knaus, Berlin 

Petra Knaus, Berlin 

Clontech  

Clontech  

Caroline Hill, London 

Caroline Hill, London 

Template cDNA  

Smad1 

Smad4  

BRII 

BRI 

YFP 

CFP 

  

Petra Knaus, Berlin 

Petra Knaus, Berlin 

Petra Knaus, Berlin 

Petra Knaus, Berlin 

Clontech  

Clontech  

Oligonucleotides  MWG Biotech AG, Martinsried and 

Invitrogen  

Chemicals 

Agar  

Agarose  

 

Roth 

Roth 
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Ampicillin  

Acetic acid 

APS 

BMP-4 

BSA 

Disoxyribonucleotides (dNTPs) 

DNA ladders  

DTT 

EDTA  

Ethanol  

Etidium Bromid 

Glycerin 

Glycin 

HEPES  

HCL  

KCL 

Roth 

Roth 

Roth 

Sigma 

Sigma 

Promega 

Promega 

Roth 

Roth 

Roth 

Roth 

Roth 

Roth 

Roth 

Roth 

Roth 

KOH  

NaCl  

NaOH  

TGF-β 

TEMED 

Tween 100  

PAAG 

Parathormone 

Ponceau-S  

SDS 

Tris  

Trypton  

Yeast extract  

Roth  

Roth 

Roth 

Roth 

Sigma 

Roth 

Roth 

Sigma  

Upstate 

Roth  

Roth 

Roth 

Roth 
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Enzymes and kits  

Pfu DNA-polymerase  

Restriction enzymes  

T4 DNA-ligase  

Blocking reagent 

Luciferase detection kit 

 

Promega  

Promega 

Promega  

Upstate 

Promega 

DNA-Maxiprep                                                   Macherey and Nagel 

Plasmid Mini Kit  

Gel Extraction Kit  

PCR purification Kit 

Western blot ECL 

detection kit  

Macherey and Nagel 

Macherey and Nagel 

Macherey and Nagel 

 

Upstate  

Cell culture  

DMEM, 4.5 % glucose  

DMEM/F12, 1% glucose  

FCS  

Glutamine  

PBS buffer 

Penicillin/Streptomycin  

 Tripsin 

 

Gibco BRL  

Gibco BRL  

Invitrogen  

Invitrogen  

Invitrogen 

Invitrogen 

Sigma  

Other materials  

Antibody 

Cell culture dishes and multiwells  

96-well reader plates  

Glass coverslips 24 mm  

DNA/Protaen Markers 

Pipettes 

Filter for sterile filtration FP30/0.2 

Film 

Hybond-C Extra 

 

Cell Signaling, Abcam  

NUNC  

Costar  

Hartenstein  

Fermentas 

Gilson 

Roth 

Piercenet 

Amersham biosciences 
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    2. 2 Methods 
For generation of Smad1/Smad4 biosensors, common and well established 

techniques were applied. They are described in sufficient detail elsewhere to reproduce 

the experiments presented in the study. The details specific to carry out this study that is 

not considered general and that cannot be found elsewhere is what is presented here. 

2.1.1 Molecular biology techniques  

To produce a functional biosensor of Smad1 and Smad4, DNA sequences 

encoding Smad1, Smad4 were fused with CFP and YFP to produce a chimeric fusion 

protein. The DNA constructs encoding for Smad1 and Smad4 sensing proteins were 

generated by polymerase chain reaction (PCR) with the human Smad1 (GenBank 

Acc.No. Q15797) and the Smad4 (Acc.No. Q13485). The CFP and YFP sequences were 

amplified with standard primers from pEYFP- and pECFP plasmids and attached to 

different sequences of Smad1 and Smad4 at the N- or C-terminus via different 

restriction sites to produce genetic constructs encoding for fusion proteins. First, a PCR 

was performed to amplify the respective DNA fragments. The standard PCR mix 

contained: Water (in all experiments ultrapure water was used from NANOpure system, 

Barnstead) in 100 µl, 10x Pfu polymerase buffer 10 µl with 10 mM Mg2+, 

deoxyribonucleotide triphosphates mix 2 µl, 20 µM forward primer, 20 µM reverse 

primer, Pfu polymerase 1 µl (0,1U/µl). The PCR program was run on a Biometra 

thermal cycler (Whatman): 94°C – 5 min, 20x (94°C – 30 s, 50-55°C – 30-240 s, 72°C – 

t), 72°C – 7 min, 4°C - ∞. Time and temperature was calculated depending on the length 

of the fragment amplified and % of GC pairs in primers, 1000 base pairs per 120 s. The 

primers were designed to contain a restriction site and a DNA sequence of Smads or 

GFP-variant with a length corresponding to the amplification temperature. 

PCR fragments were run on a 1% agarose gel prepared with TAE puffer (40 mM Tris, 

0.1 mM EDTA, 1 mM (CH
3
COO) Na, pH=8.5) using the same as the running buffer. 

DNA was purified directly from the gel using a Qiaquick Gel Extraction Kit according 

to the manufacturer's protocol. The DNA fragments were then cut using the appropriate 

restriction enzymes and subcloned into pcDNA3 expression vector for mammalian cell 

expression.  
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Cloning of PCR fragments or oligonucleotides was performed by ligation of the cut 

fragments into the restriction sites of the vector for 2h at room temperature using T4 

DNA ligase.  

The ligation mix was then introduced into competent E. coli Top-10  bacteria using 

electroporation: 1 µl ligation mix, 60 µl 10% glycerin, 40 µl Top10,  then 100 µl mix 

was imported into cuvette for electroporation,  incubated 20 min with 200 µl added LB 

medium and plated on a selective LB-medium plate, containing 1.5 % agar and 100 

µg/ml ampicillin. LB medium was sterilized by autoclaving ex tempore (Varioklav) and 

contained (m/v): 1% NaCl, 1% trypton and 0.5% yeast extract. Bacterial colonies were 

grown overnight and checked for the presence of the cloned construct by plasmid DNA 

isolation (Qiagen Plasmid Mini Kit) with subsequent restriction analysis. Positive 

colonies were then grown overnight in 200 ml LB medium plus 100 µg/ml ampicillin 

and used for plasmid DNA purification (Qiagen Plasmid Maxi Kit).  

Concentration of plasmid DNA was calculated from the light absorption at 260 nm 

measured in a spectrophotometer (Eppendorf). Absorption of 1 corresponds to a 

plasmid DNA concentration of 50 µg/µl.  

 2.2.2 Cell culture and transfections  

HeLa, HEK 293, C2C12, COS-1 and MDA-MB468 cell lines were grown in 

DMEM medium with 10% FCS, 4.5 g/l glucose, 2 mM L-glutamine, 100 U/ml 

penicillin, and 100 µg/ml streptomycin at 37°C and 5% CO
2
.The confluence of cells 

after transfections was not more that 60 %. Cells were plated onto 6 well plates for 

Western blot analysis, 24 well plates for luciferase assays, or 24 mm glass coverslips in 

60 mm dishes for microscopy live cell experiments. The cells were transiently 

transfected with FuGENE 6 (Roche Molecular Biochemicals), Effectene, or Superfect 

(Qiagen) transfection reagents.  Cells C2C12∆Np73 were provided by Dr. Thorsten 

Stiewe from the same institut. 

 

2.2.3 Biochemical techniques  

Western Blots - COS-1 cells were transiently transfected with Smad fusion protein and 

BMP receptor expression plasmids in a 6-well plate. Twenty-four hours after 

transfection, cells were starved in DMEM supplemented with 0.5% fetal calf serum for 
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6 hours. After incubation with 20nM of BMP-4 for 1, 5, 15, 30, or 60 minutes cells 

were harvested and lysed in lysis buffer (Cell Signaling Technology). The lysates were 

subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 8 or 12% 

gels. After electrophoresis, electrotransfer (PEQLAB Biotechnologie) and blocking (10 

mM Tris, pH 7.9, 150 mM NaCl, 0.1% Tween 20, and 5% dry milk; 20°C, 1 h), the blot 

was incubated with monoclonal rabbit antibodies against Phospho-Smad1 (Ser463/465), 

with anti-Smad1 (Cell Signaling Technology) or anti-GFP polyclonal antibodies 

(Abcam) for 20 h at 4°C. Amounts of protein were also determined with a monoclonal 

rabbit antibody against β-actin (Cell Signaling Technology). Detection of adsorbed 

antibodies was performed by enhanced chemiluminescence (LumiGLO, SuperSignal 

WestPico, Upstate), using an HRP-conjugated secondary anti-rabbit polyclonal IgG 

antibody (Upstate) in blocking buffer.  

Luciferase Assays - Twenty-four hours before transfection, MDA-MB468 cells were 

seeded in triplicate at 2 x105 cells per well in a 6-well plate. 0.2 µg each of pSBE-

Luciferase construct (from C. H. Heldin, Ludwig Institute for Cancer Research, 

Uppsala, Sweeden), 0.05 µg of BMP receptors constructs, and 0.4 µg of indicated 

fusion Smad1/Smad4 vectors were co-transfected per well. Thirty-six hours after 

transfection, cells were starved in DMEM (0.5% FCS) for 10 hours and then incubated 

in DMEM (0.5% FCS) with 20 nM BMP-4 for 8h. To control protein expression levels 

and normalize luciferase activity, all samples were transfected with a Renilla Luciferase 

coding vector (0.1  µg each). The cells were subsequently lysed with reporter lysis 

buffer, and luciferase activity was determinated with a Dual-Luciferase assay kit 

(Promega) on a FLUOstar (BMG Labtech) luminometer. Each experiment was repeated 

at least three times. 

 

2.2.4 Fluorescent microscopy techniques  

Confocal microscopy - HeLa or COS-1 cells were grown to 50% confluence on 26-mm 

glass cover slips, transiently transfected, and incubated in complete DMEM medium for 

24 hours. After this, cells were incubated for 2 to 5 hours with DMEM containing 0.5% 

FBS. Cells were analyzed before or after treatment with 20 nM BMP-4 or 20 nM 

leptomycin B (LMB). All live cell imaging was performed at 37°C. The fluorescence 
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images were recorded on either a modified confocal microscope (LSM-410, Carl Zeiss 

and LSM Tech) with a 100x NA 1.3 objective (Carl Zeiss) or a Leica SP5 confocal 

microscope with a 63x NA 1.2 objective. The fluorescence emission resulted from 

excitation with 458 (for CFP) and 514 (for YFP) nm laser lines from an argon ion laser 

(Coherent Innova, I-308) from the modified Zeiss LSM-410 or Lasos (DMI 600B, 

Germany) with the Leica SP5 LSM confocal with internal spectral parameter settings of 

488 for CFP and 514 nm for YFP. The fluorescence was detected with either optical 

filter sets from the microscope manufacturer using a 475-495 band pass filter for CFP 

and a 530-585 band pass filter for YFP or with the spectral detectors SP5 set at 490-500 

nm for CFP and  520-590 nm for YFP.  

FRET Microscopy Measurements.  

In this study, a fluorescence microscope was used to perform FRET measurements in 

living cells (148, 151, 173). For all cells, used for FRET experiments, were calculated 

(buy intensity levels) approximatet concentrations of fusion proteins, they were about 

0.7-1.4 µM in single cell. The ratios between CFP:YFP (for intermolecular FRET 

experiments) in single cell were from 1.5:1 to 1:1. We quantified the FRET signal by 

calculating excess acceptor emission using FRET ratios from defined regions of interest 

in, for example, the cytoplasm. The setup for fluorescence resonance energy transfer 

between the cyan and yellow fluorescent proteins comprises an inverted microscope 

(Axiovert 200, Carl Zeiss) equipped with a high numerical aperture objective (Plan 

Apochromat 100x, 1.4 NA, Carl Zeiss). Samples were excited with wide-field light 

from a competer-driven monochromator Xenon lamp source (Polychrome IV, Till 

Photonics) at 436 ±5 nm (CFP) and 480 ±5nm (YFP) that was connected to the 

microscope with an optical light guide and optical focusing system (Till Photonics) with 

the excitation light reflected by a dichroic beamsplitter (for CFP and FRET 

measurements, DCLP 460 or for YFP measurements, DCLP 490, Chroma) into the 

microscope objective. The fluorescence CFP and YFP signals were detected in the 

emission light train of the microscope by avalanche photodiodes (Till Photonics) 

separated by a dichroic beam splitter at 505 nm (DCLP 505, Chroma) and with 

bandpass filters in front of each of the detectors, one at 480 ± 20 nm (HQ480/40, 

Chroma) for CFP emission and the other at 535 ± 15 nm (HQ535/30, Chroma,) for YFP 
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emission, and were digitalized using an AD converter (Digidata1322A, Axon 

Instruments) and stored on a personal computer using Clampex 8.1 software (Axon 

Instruments) that also synchronized the excitation wavelength with the data acquisition. 

In a few cases fluorescence images and recordings were made by detection from a CCD 

camera (Coolsnap HQ, Photometrics) with the image on the CCD camera split 

spectrally in half and re-imaged on the CCD with a relay system with a dichroic beam 

splitter at 505 nm and two filtered split images bandpass filtered again with the a 480 ± 

20 nm for CFP emission and the other at 535 ± 15 nm for YFP emission (Dual View, 

Optical Insights). FRET (including the individual CFP and YFP) signals and images 

were acquired every 0.1 or 1 sec.  

FRET is calculated as the ratio of the corrected YFP and CFP emission intensities at 

535 ± 15 nm(IYFP ) and 480 ± 20 nm (ICFP(436) ): IYFP/ICFP(436) upon excitation of CFP 

at 436 ± 5 nm (beam splitter DCLP 460 nm). The YFP (acceptor) direct excitation 

factor was determined with YFP transfected cells only. The YFP fluorescence was 

recorded first with 436±5 nm excitation (FY,436). Next the YFP emission was recorded 

with 480 nm excitation (FY,480).  The direct excitation crosstalk was calculated by  FY,436 

/ FY,480 and was equal to 0.06±0.01. The YFP only cells did not show any emission 

intensity in the CFP emission channel with 436±5 nm excitation. The bleed-through or 

spillover crosstalk of CFP (donor) into the 535-nm channel was determined first from 

cells expressing CFP with 436±5 nm excitation (and also of pure recombinant CFP) 

only showed that the 535 nm channel had 80% of the intensity of the 480 nm channel. 

The FRET ratio calculation was performed in the following steps to ensure correct 

subtractions of signals for FRET (108): 1) we identify and subtract the spillover of the 

CFP in the YFP channel to determine the pure YFP component due to FRET and direct 

excitation: YFPsum = Iyfp(436nm) - Icfp(436nm) * 0.8 , 2) we identify and subtract the 

direct excitation component to determine the YFP signal due to FRET: YFPFRET (or 

IYFP) = YFPsum  - 0.06 * YFP(480nm), and 3) the FRET ratio was then calculated by the 

formula: FRETratio = IYFP/ICFP(436nm). FRET data was acquired for a long time 

periods before ligand addition to make sure that both the cyan and yellow fluorescent 

protein signals were stable and were not photobleaching. Otherwise, the measurements 

were discontinued and not included in these results. To study agonist-induced changes 
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in FRET, cells were placed in FRET-buffer or in DMEM (0.5% FCS) and BMP-4 

(20mM) was applied. As a negative control on the cell was applied the FRET-buffer or 

DMEM (0.5% FCS) to show that the FRET change induced by BMP-4 addition but not 

by buffer or media. The imaging data were analyzed with Origin (Microcal) software. 

ImageJ and MetaMorph 5.0 (Universal Imaging) were also used in some cases. All live 

cell imaging was performed at 37°C. We proved FRET by photobleaching the acceptor 

and then observe the donor dequenching (donor signal increase) and also by FLIM 

FRET imaging (see below). The calculation of relative CFP:YFP concentrations for the 

intermolecular FRET were corrected by dividing by the brightness of the individual, 

initial CFP (ICFP(436)) and YFP (IYFP,corr) intensities:  ICFP(436)/(tCFP εCFP,436 φCFP) and 

IYFP, corr/(tYFP εYFP,436 φYFP) where tCFP and tYFP are the optical transmissions for CFP and 

YFP in the respective CFP (0.35) and YFP (0.60) detection channels,  εCFP,436 and 

εYFP,436 are the molar extinction coefficients of CFP (28,000 M-1cm-1) and YFP (7,000 

M-1cm-1) at 436±5 nm excitation, respectively,  and φCFP  and φYFP are the fluorescence 

quantum yields of CFP (0.36) and YFP (0.76) [45, 46]. 

Fluorescence Liftime Imaging (FLIM) and FLIM FRET determinations 

HeLa or COS-1 cells were grown to 50% confluence on 26-mm glass cover 

slips, transiently transfected with the CFP-Smad1 and YFP-Smad-4 plasmids (as 

individuals for control and co-transfected for the FRET experiments), and incubated in 

full DMEM medium for 24 hours. After this, cells were incubated for 2 to 5 hours with 

DMEM without serum. Cells were analyzed before and after treatment with 20 nM 

BMP-4 (Sigma) every 15 minutes after addition of BMP-4 upto 45 minutes.  

All imaging experiments were performed on a Leica SP5 confocal laser scanning 

microscope (Leica) using a DMI 6000 inverted microscope stand with a HCX PL APO 

lamda blue 63x/1.4 OIL UV objective, equipped with a “multi-function port” and a 

mechanically controlled beamsplitter that could be automatically placed in the 

excitation and imaging beam pathway for reflection of the laser excitation light and 

transmission of the fluorescence emission light and also with two built-in spectrally 

selective photon counting detectors (set at 460 – 500 nm for CFP and 530 – 590 nm for 

YFP, respectively for each channel) with a detector response time of less than 200 ps 

(Leica “Spectral FLIM” internal detectors). The FLIM excitation source was a Ti: 
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Sapphire femtosecond pulsed laser (MaiTai HP, Spectra-Physics). The laser was tuned 

to provide a wavelength of 860 nm. A second harmonic generation (SHG) crystal 

(LBO-Crystal for SHG wavelength: 800-1100nm, LINOS Photonics) was used to 

frequency double the wavelength from 860 nm to 430 nm which efficiently excites CFP 

and causes minimal excitation of YFP. All remaining 860 nm light was filtered out by a 

510 dcxrt dichroic (Chroma) which reflected the 430 nm pulsed excitation beam into the 

“multifunction port” and, thus, the Leica SP5 scanning and imaging system. The 430 

nm laser power for all experiments was measured at the objective to be 5µW. Live cells 

on glass coverslips (26 mm) were imaged using a homebuilt incubation chamber kept at 

37°C via an objective heater (PeCon).The FLIM measurements were carried out by 

time-correlated single photon counting (TCSPC) recording and used the ‘reversed start-

stop’ approach, with accurate laser synchronization from a Becker & Hickl SPC-830 

card (Becker & Hickl) together with a PHD-400-N reference photodiode recording the 

80 MHz pulse frequency of the excitation light. The Leica SP5 software recorded 

images and split the amplified signal between the Leica imaging software (LASAF, 

Leica) and the SPC-830 TPSPC card controlled by the SPC-830 software on a separarte 

computer with the imaging synchronized via the external output of the frame, line, and 

pixel clock from the Leica SP5 into the SPC-830.FLIM (TCSPC) recordings were 

acquired routinely for between 120 sec and 150 sec. The mean photon counts were 

between 104 and 105 counts per second to avoid pulse pileup. Images were recorded 

with 256×256 Pixels at 400 Hz line scanning speed. During all FRET-FLIM 

experiments was no significant CFP photobleaching occurred. 

FLIM data analysis and FRET calculations 

Off-line FLIM data analysis was used pixel-based fitting software (SPCImage 

2.8, Becker & Hickl), able to import the binary data generated with the FLIM module. 

The fluorescence usually fit best and, thus, was always assumed to follow a two-

exponential decay which was used to calculate a weighted mean liftime per pixel for 

complete images. The fitting procedure also included an adaptive offset correction and 

also convolution procedures to remove timing jitter occurring from both the detectors 

and the electronics for accuracy (see User’s Manual for SPC-830 Software). ImageJ 

1.37 (NIH) was used for the determination of mean lifetime in cell areas. Although the 
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both the CFP and YFP intensity signals were checked for appropriate levels (data not 

shown), we focussed our attention to the CFP lifetime in the purely expressed case of 

the CFP-fusion protein (τCFP = 2.40 ±0.04 ns for CFP-Smad1) or in the case of FRET 

(with co-transfection of the YFP fusion protein, τCFP, FRET). The FRET efficiency from 

this data can be calculated from the equation 

     
The difference in calculated FRET before and after BMP-4 ligand addition was 

multiplied by 100 and reported for pixel (and thus entire FRET images) and also whole 

cell regions in % FRET change.  

The calculation of relative CFP/YFP concentrations for the intermolecular FRET-FLIM 

were performed by the same procedure listed above FRET Microscopy section but with  

CFP (ICFP(430)) and YFP (IYFP, 430) photon counting intensities from cellular regions  

with 430 nm excitation. The YFP spillover or bleed-through correction into the CFP 

emission channel at 430 nm excitation was 0.02. The YFP direct excitation crosstalk 

was determined to be 0.02. The CFP bleed-through or spillover crosstalk was 

determined to be 0.31. The calculation of relative CFP/YFP ratios were also corrected 

by dividing by the brightness of the individual, initial CFP (ICFP(430)) and YFP (IYFP, 

corr) intensities:  ICFP(430)/(tCFP εCFP,430 φCFP) and IYFP, corr/(tYFP εYFP,430 φYFP) where tCFP 

and tYFP are the optical transmissions for CFP and YFP in the respective CFP (0.53) and 

YFP (0.80) detection channels, εCFP,430 and εYFP,430 are the molar extinction coefficients 

of CFP (28,000 M-1cm-1) and YFP (2,000 M-1cm-1) at 430 nm excitation and φCFP  and 

φYFP are the fluorescence quantum yields of CFP (0.36) and YFP (0.76) [45, 46] 

The level of CFP photobleaching was initially tested to be insignificant according to the 

levels reported by Tramier et al (2006) [54]. First the CFP lifetimes were measured 

multiple times in CFP only transfected control cells and showed no photobleaching 

under the experimental conditions and no significant difference in lifetime. Second 

CSmad1and YLSmad4 transfected cells, 5 min before and immediately after BMP 

addition showed less than 10% photobleaching and less than 2% change in fluorescence 

lifetime between the two successive images. Furthermore, we calculated the “apparent 

photobleaching ratio" (as defined by Tramier et al (2006) [54]) for the CFP (ICFP(430)) 



                                                                                                                        
                                                                                                     Results 

 
 

 54

in the CSmad1 and YLSmad4 transfected cells from the intensity with images recorded 

at 15, 30, and 45 min after BMP addition and used the t=0  min (i.e. immediately after 

BMP addition) as the initial reference in every case.   

TIRF 

          The total internal reflection fluorescence microscopy or evanescent wave 

microscopy has opened the possibilities to look on important cellular processes taking 

place near the basolateral surface at plasma membrane (Fig. 3.11). The TIRF microscopy 

was done on Leica TIRF module. With this modul was performing “Objective Type 

TIRF”. This TIRF system consists of a HCX PLAPO 100X1.46 OIL objective (Leica) 

and a high-performance 3D scanner. The 3D scanner automatically adjusts the laser 

critical angle (488 for YFP exitation, 405 for CFP exitation from EL6000 external light 

source) to a specified TIRF and penetration depth (for our experiments it was 70nm) 

while also performing corrections for wavelength and for the best azimuthal angle. Image 

recordings were made with detection with a CCD camera (Cascade, Photometrics, 

Arizona, USA), 512X512 Pixl, 90% peak QE, cooling at -80ºC with the image on the 

CCD camera split spectrally in half and reimaged on the CCD with a relay system with a 

dichroic beam splitter at 505nm and two filtered split images badpass filtered again with 

the a 480/30nm for CFP emission and the other at 535/40nm for YFP emission (Dual 

View, Optical Insights, USA). Images were acquired every 3 sec with exposure time 109 

msec. To study agonist-induced changes in FRET, cells were transfected with Smad1YC 

and in 24h placed in FRET-buffer or in DMEM (0.5% FCS) and BMP-4 (20mM) was 

applied. As a negative control on the cell was applied the FRET-buffer or DMEM (0.5% 

FCS) to show that the FRET change induced by BMP-4 addition but not by buffer or 

media. FRET is calculated as the ratio of the backdround corrected YFP and CFP 

emission intensities at 535±20nm (Fyfp) and 480±15nm (Fcfp): Fyfp/Fcfp. Spillover of 

CFP into the 535-nm channel was determined first from cells expressing CFP only 

showed that the 535 nm channel had 80% of the intensity of the 480 channel, (80%; 

spillover of YFP into the 480-nmchannel was negligible) was substracted to give a 

corrected FRET ratio. 
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3. Results 

3. 1 The full length Smad1 biosensor 

3. 1. 1 Development of a full-length Smad1 FRET biosensor 

To better understand the kinetics of Smad1 activation, a FRET biosensor for Smad1 

phosphorylation was created by a fusing Smad1 with two fluorescent proteins, CFP and 

YFP. This fusion contruct was subsequently used for intramolecular FRET experiments. 

As Smad1 is known to change its conformation upon phosphorylation (180, 232), the 

hypothesis was that it might lead to a change in the distance between the fluorophores 

upon activation by the BMP receptors. Thus, the FRET changes were expected to reflect 

the conformational change of Smad1 upon activation by phosphorylation. A decrease of 

the FRET signal was expected because Smad1 changes its conformation from a closed 

to an open state (Fig. 3.1), and apparently this helps Smad1 to dissociate from BRI and 

others membrane proteins. However, the Smad1 MH2 domain conformation change has 

also been shown to occur with homo- and heterocomplex formation after stimulation 

with a ligand. This could mean that there are two conformational changes occurring 

during Smad1 activation, and a FRET change could be caused by either of these 

processes (152).  

To develop a highly sensitive Smad1 biosensor, a number of different Smad1 fusion 

constructs were analyzed for their ability to demonstrate a clearly detectable change in 

FRET upon stimulation with BMP-4 (Fig. 3.2). The aim was to construct a Smad1 

biosensor that yields a FRET change of at least 5% or more so that the sensor can be 

used with various microscope systems, even if they have a lower sensitivity than the one 

used in our laboratory 
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Fig. 3.1. Schematic representation and principles of Smad1-based biosensors with 

BMP-4-induced conformational change. Crystal structure of the Smad1 MH2 domain 

schematically fused to CFP and YFP, respectively, and basal FRET is presented. After 

BMP-4 activation, the Smad1 MH2 domain is phosphorylated at two distal Ser residues, 

which induces the conformation change from closed to open and results in the loss of 

FRET. 
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Fig. 3.2. Development of a full-length Smad1 biosensor. Schematic representation of 

the constructs designed to observe the activation of the entire Smad1. These are fusion 

proteins, containing the sequence of the MH1 domain and a linker fused to YFP, the 

MH2 domain, and CFP attached to the C-terminal end with a specific linker (L or L0). 

A relative change in FRET measured in COS1BR cells upon full receptor activation 

(with BMP-4 20nM) is presented by + signs (significance of one, two +, significance 

meaning - + was positive in minority of trials and + + was positive in majority of 

trials).  
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It was necessary to insert a linker between the C-terminus of Smad1 and CFP in 

order to avoid impairing phosphorylation of Smad1 at its C-terminal SSXS motif. 

Without a linker, no FRET change could be detected (Fig. 3.2). This finding is in 

agreement with results of others authors who have shown that most fusion proteins of 

RSmads with extensions at the C-terminus lose or at least compromise their activity 

(235). However, the linker placed between Smad1 and CFP in this study apparently 

helped to preserve the functionality of Smad1. In fact, different linkers were tested, and 

a GSTSGSGK peptide linker (L) proved to be most effective in FRET experiment. The 

functional activity of the Smad1 protein with CFP fused to the C-terminus after the 

linker (Smad1-L-CFP) (Fig. 3.3A) was tested in detail because the fusion Smad1-CFP 

without linker (as discussed above) did not show any functional activities. To prove that 

the chosen linker was appropriate for preserving the functional activity of the Smad1 

fusion, a number of experimental assays were performed. First, the nuclear translocation 

of Smad1-L-CFP upon BMP-4 addition was tested, as this would be an indicator of 

physiologically normal behavior as has been shown for endogenous Smads. To test this, 

COS-1 cells were transfected with Smad1-L-CFP, which in about 30% induced cells 

accumulated in the nucleus after 60 minutes of induction with BMP-4 (Fig. 3.3B). 

Second, a luciferase reporter assay that previously was used by Nicholas and co-

workers (Nicolas et al., 2004) was also used in this work to determine the 

transcriptional activity of the Smad1-L-CFP. To do this, the Smad1-L-CFP was 

transiently transfected together with the Smad1/Smad4-dependent luciferase reporter 

plasmid, pSBELuciferase, in COS-1 cells. As shown in Fig.3.3C, the Luciferase activity 

was enhanced by co-transfecting the Smad1-L-CFP expression plasmid, indicating that 

the fusion protein was able to bind to the Smad1/4 binding element (SBE) present on 

the luciferase reporter plasmid. 
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Fig. 3.3 Linker selection between the C-terminus of Smad1 and CFP. A, The Smad1LC 

fusion protein was constructed by inserting a short peptide (GSTSGSGK) between the 

C-terminus of Smad1 and CFP. B, The Smad1LC time series (1, 30 and 60 min) of 

nuclear translocation after BMP-4 addition. COS-1 cells were transiently transfected 

with plasmids expressing Smad1LC and BMP receptors. Cells were treated with BMP-4 

(20nM). The experiments shown are representative of at least three independent 

experiments. C, COS1 cells were transfected with the pSBE Luciferase reporter plasmid 

and plasmids expressing CSmad1 or Smad1LC. Cells were treated with BMP-4 for 8 

hours, and luciferase activity was measured. The data are means and standard 

deviations of the experiment performed in triplicate. All experiments were repeated 

three times. 
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The L linker could, thus, be used in construction of the mono- molecular Smad1 

biosensor. The Smad1 biosensor in which CFP was fused to the C-terminus with a 

selected linker peptide (GSTSGSGK), and YFP was fused between the MH2 domain 

and the MH1 domain + inker (Fig. 3.4A). This biosensor construct was named 

Smad1YC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4. Full length Smad1 FRET biosensor. A, The Smad1YC fusion protein was 

constructed by inserting YFP between the MH1 and MH2 domains of human Smad1. 

CFP was attached with a specific short linker sequence (L) to the C-terminus. B, COS1 

cells transfected with the Smad1YC expression plasmid were stimulated with BMP-4. 

Cells were harvested at the indicated times after BMP-4 stimulation and analyzed by 

Western blot for the presence of phosphorylated Smad1 (pSmad1). The pSmad1 

antibody recognizes both, endogenous pSmad1 and pSmad1YC. Total Smad1YC and β 

actin are shown as controls. The identity of the 110 kDa protein as Smad1YC was 

verified using an anti-fluorescent protein (αFP) antibody.  
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3. 1. 2 Biological application of a full-length Smad1 FRET biosensor 

First, it was determined whether the Smad1YC biosensor retained the 

phosphorylation properties of wild type Smad1. To do this, COS-1 cells were 

transfected with the Smad1YC expression plasmid for Western blot analysis. The fusion 

protein was phosphorylated at a similar time as the endogenous Smad1 in response to 

BMP-4 (Fig. 3.4B). The phosphorylated bands for both, fusion and wild-type Smad1, 

appeared only after a delay of 10 min. Apparently, Smad1YC could be a good model to 

study the kinetic of activation by FRET. The number of kinetic experiments (n=10) by 

FRET microscopy in living cells was conducted in order to  more precisely understand 

whether the Smad1YC fusion protein functions as a biosensor reflecting Smad1 

phosphorylation and more details of this process. COS-1 cells were transiently 

transfected with plasmids encoding Smad1YC and BMP receptors, and FRET between 

CFP and YFP was measured. A signal decrease in the YFP channel and an increase in 

the CFP channel were measured, and the FRET signal was calculated as the ratio 

between the YFP and CFP signals (Fig. 3.5 A and C). Computerized analysis of the 

calculated FRET data was used to determine the average kinetics of FRET change (Fig. 

3.5B). In cells stimulated with BMP-4, the FRET signal decreased slowly with an 

average time of 315±70 sec but only after an initial delay of 284±45 sec with no FRET 

change (Fig. 3.5B).  

To determine if different cell lines show a similar delay or whether this 

phenomenon appears only in COS-1 cells, the same FRET experiments were conducted 

using C2C12 (n=5) and HEK 293 (n=4) cells (Fig.3.6). A same computerized analysis 

of the calculated FRET data was used to determine the average FRET change kinetics in 

these cells. In C2C12 cells stimulated with BMP-4, the FRET signal decreased slowly 

with a time constant of 300±15 sec after an initial delay of 150±45 sec (Fig. 3.6A), in 

stimulated HEK 293 cells the FRET signal decreased with the same average time after a 

delay of 200±45 sec with no FRET change (Fig. 3.6B). 
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Fig. 3.5 Intra-molecular FRET kinetics measurement with Smad1YC. A, measurement 

and B, computerized analysis of FRET (black line of fit in the gray calculated 

measurement points) represented by the ratio FYFP/FCFP from C, the individual FYFP and 

FCFP corrected measurements in single COS-1 cell transiently co-transfected with 

Smad1YC and BMP receptors. Stimulation with BMP-4 began with nearly no response 

in the FRET ratio until after about 300 sec, when a FRET change with a exponential 

time constant of about 300 sec was observed with corresponding decrease in the YFP 

channel and increase in the CFP channel.  

 

Figure 3.6D shows the time constants and the mean errors of FRET delay and 

decay for COS-1, C2C12, and HEK 293 cell lines. Thus, a clear delay was detected in 

all three cell lines tested, but the duration of the delay varied from cell type to cell type.  

Control experiments (n=3) was performed, in which FRET was determined in 

COS-1 cells before BMP-4 addition by acceptor photobleaching (Fig.3.7). The acceptor 

was selectively photobleached, and, as expected, this maneuver significantly decreased 

the fluorescence of YFP accompanied by successive increase in the fluorescence of CFP 

by 20%. 
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Fig. 3.6 Measurement and computerized analysis of FRET in C2C12 and HEK 293 cell 

lines. FRET (represented by the ratio FYFP/FCFP) in single C2C12cell (A) and HEK 

293 (B). Cells were transiently transfected with Smad1YC and BMP receptors. 

Stimulation with BMP-4 began with nearly no response in the FRET ratio until in 102 

seconds (A) or in 120  seconds (B). Then FRET changed with an exponential time 

constant of about 400 seconds. FRET change was also observed with a corresponding 

decrease in the YFP channel and an increase in the CFP channel.  

 

The initial FRET level apparently indicated that the biosensor has a closed 

conformation before stimulation with BMP-4 (Fig. 3.7). To demonstrate that the FRET 

signal change reflects Smad1 phosphorylation, a mixture of 6 different serine/threonine 

kinase inhibitors (inhibitor cocktail) was used, which should be able to prevent 

phosphorylation of wild-type Smad1.  
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Fig. 3.7 Donor Dequenching after 

Acceptor Photobleaching of 

Smad1YC. FRET was analyzed by 

Donor Dequenching after Acceptor 

Photobleaching in COS1 cell 

transiently expressing BMP receptors 

and Smad1YC. Emission Intensities of 

YFP (535nm) and CFP (480nm) were 

 recorded before and after the acceptor fluorophore was completely photobleached 

with 500 nm excitation light. 

 

This inhibitor cocktail was used in FRET experiments (n=5) with all conditions 

as in the previous FRET experiments. COS-1 cells (which were transfected with the 

Smad1 biosensor) were pre-incubated with the inhibitor cocktail, and then the FRET 

signal was recorded after BMP-4 addition. As shown in Fig. 3.8, a FRET change did not 

appear after BMP-4 stimulation, indicating the absence of a conformational change of 

the biosensor. However, this inhibitor cocktail is not specific for BRI receptor kinases, 

and this is why a second control experiment was done. 

 

Fig. 3.8 FRET measurements after 

incubation with a serine/threonine 

inhibitor cocktail which is able to 

prevent phosphorylation of Smad1YC. 

COS1 cells transfected with biosensor 

SmadYC were pre-incubated with an 

inhibitor cocktail, and then the FRET 

signal was recorded after BMP-4 

addition. FRET change did not  

appear after BMP-4 stimulation, indicating the absence of a conformational change of 

the biosensor.  
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The Smad1 phosphorylation motif (SSXS) was removed by exchanging the three 

serines for alanines. The fusion protein was named Smad1(SA)YC. COS-1 cells were 

transiently transfected with plasmids encoding Smad1(SA)YC and BMP receptors and 

analyzed by FRET. The Smad1(SA)YC did not produce the same FRET change after 

BMP-4 addition as the Smad1YC biosensor did (Fig. 3.9). The signals in some cases 

rather showed an immediate slow decay with a time constant of 800±180 sec (n=3) (Fig. 

3.9B) or in other cases showed no significant decay at all (n=5) (Fig. 3.9A). The smaller 

and slower FRET decrease occurring in the minority of cases of the non-

phosphorylating mutant might be due to interactions with other proteins (as indicated 

previously) that could form a complex and thus slightly alter the conformational 

changes in the of non-phosphorylated mutated Smad1YC constructions. In summary, 

the approximate 300 sec delay and 300 sec decay is shown to be linked to the active, 

phosphorylating Smad1YC biosensor.  

Apparently, the 300 sec FRET decay and 120-300 sec delay observed with the full-

length Smad1 biosensor was shown to be dependent on phosphorylation of the SSXS 

motif within the Smad1YC biosensor. 

The p53 protein family plays a very important role as a tumor suppressor. Smads 

interact with p53 family proteins in the cytoplasm and in the nucleus (5, 37, 219, 224). 

The ∆Np73 protein is antagonist of the complete p53 family (68, 103). Members of this 

family of proteins induce apoptosis, with ∆Np73 being the antagonist of this process. 

∆Np73 also inhibits multiple differentiation processes. The ∆Np73 inhibits BMP2-

induced conversion of myoblasts to the osteoblast lineage. The question whether ∆Np73 

inhibits the Smad signaling pathway at the level of Smad1 phosphorylation was 

addressed in this study. To do this, FRET experiments in C2C12 cells (n=10), which 

were cotransfected with Smad1YC and ∆Np73 or just Smad1YC were conducted (Fig. 

3.10). The change in FRET after BMP-4 addition for both cases was analyzed. 

Computer-assisted analyses of the results it showed the same kinetics of FRET change 

for cells with ∆Np73 (Fig. 3.10B) as for cells with wt p73 (Fig. 3.10A) stimulated with 

BMP-4: the FRET signal decreased slowly of 300±15 sec after an initial delay of 

150±45 sec. These results indicated that ∆Np73 does not inhibit the BMP-4-induced 

conformational change of Smad1.  
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Fig. 3.9 FRET of Smad1(SA)YC. Measurement and computerized analysis of FRET 

(represented by the ratio FYFP/FCFP) in single COS-1 cells transiently transfected 

with Smad1(SA)YC and BMP receptors. A. Stimulation with BMP-4 showed no response 

in FRET ratio. B. Stimulation with BMP-4 began with a slow decrease in the FRET 

channel of about 880 seconds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10 Measurement and computerized analysis of FRET in C2C12 cells with co-

expression of wt p73 or ∆Np73. FRET (represented by the ratio FYFP/FCFP) in single 

C2C12 cell with co-expression of wt p73 (A) or ∆Np73 (B). Cells were transiently 

transfected with Smad1YC, BMP receptors and wt p73 or ∆Np73. Stimulation with 
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BMP-4 began with nearly no response in the FRET ratio for 102 seconds (A, B). Then 

FRET changed with an exponential time constant of about 431 seconds. FRET change 

was also observed with a corresponding decrease in the YFP channel and an increase 

in the CFP channel.  

 

 3. 1. 3 Full-length Smad1 FRET biosensor with TIRF microscopy 

The next experiment was designed to determine if the FRET signal starts only 

after BMP receptor internalization. If this is the case, one should not record any FRET 

change provided that FRET is measured only at the cell membrane of the cell 

expressing Smad1YC. There are more assumptions to this, namely that the internalized 

vesicles will not be within the penetration depth of excitation. The total internal TIRF 

microscopy technique allowed us to do FRET measurements specifically at the cell 

surface and measure fluorescence events on it with avoiding auto-fluorescence and 

fluorescence from deeply internal cell structures (Fig.  3.11).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.11 TIRF. Comparison of Excitation Methods: Wide-field vs. Total Internal 

Reflection (TIRF) microscopy. With TIRF microscopy it is possible to avoid 

autofluorescent regions of the cell and excite only membrane regions. With TIRF 

microscopy one can measure FRET only on the membrane.   
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With a TIRF microscope it is possible to excite the fluorophore at a cell membrane with 

70 nm penetration depth. To do TIRF experiments, COS-1 cells were transiently 

transfected with plasmids encoding Smad1YC and BMP receptors, and FRET between 

CFP and YFP was measured using a TIRF microscope (Fig. 3.12). The signal decrease 

in the YFP channel and an increase in the CFP channel were clearly observed (Fig. 

3.12A), and FRET was presented as a ration between YFP and CFP (Fig. 3.12B). A 

number of FRET experiments on the cell membrane by TIRF microscopy in living cells 

were conducted (n=3). Computerized analysis of the calculated FRET data was used to 

determine the average kinetics of FRET change (Fig. 3.12B). In cells stimulated with 

BMP-4, the FRET signal decreased slowly with an average time of 300 sec but only 

after an initial delay of 200 sec with no FRET change (Fig. 3.12B). From these results 

one can conclude that FRET change and Smad1 activation start already at the cell 

membrane or very close to it, but not only after receptor internalization. The time delay 

between stimulation with BMP-4 and activation of Smad1 appeared already at the 

membrane as well. 

 

3. 2 Smad1 biosensor based solely on the MH2 domain 

 

 3. 2. 1 Development of a Smad1-MH2 domain FRET biosensor.  

To analyze the role of the MH1 domain in more detail and improve the 

understanding of the kinetics of Smad1 activation by phosphorylation, a Smad1-MH2 

biosensor without the MH1 domain and linker was created. The aim was to create a 

biosensor, with a faster response upon BMP-4 activation as compared to the full Smad1 

biosensor. The Smad1 MH2 domain was fused with both fluorescent proteins, CFP and 

YFP, and used for intramolecular FRET experiments. As it is the MH2 domain that 

changes its conformation upon phosphorylation (180, 232), it was hypothesized that this 

MH2-only biosensor might lead to a similar change in the distance between the 

fluorophores upon activation by the BMP receptors as for full Smad1 biosensor. In 

other words, the FRET changes were supposed to reflect the MH2 domain conformation 

change after phosphorylation. A decrease in the FRET signal was expected, similar to 

the one observed for the full-length Smad1 biosensor (Fig. 3.1). However, it is 
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important to note that the Smad1 MH2 domain conformation change has also been 

shown to occur upon homo- and heterocomplex formation after stimulation with a 

ligand (152). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 FRET measurement of SmadYC with TIRF 

microscope. A, Cell-membrane image under the TIRF 

microscope. Left the YFP channel and right the CFP channel, 

lower image the FRET ratio between corrected YFP intensity 

and CFP intensity. B, Measurements and computerized analysis 

of FRET (represented by the ratio FYFP/FCFP) in single COS-

1 cell transiently transfected with Smad1YC and BMP 

receptors. Stimulation with BMP-4 began with nearly no 

response in the FRET ratio for about 160 sec, when a FRET 

change with an exponential time constant of about 300 seconds was observed with 

corresponding decrease. 

 

To develop a highly sensitivity Smad1-MH2 domain biosensor, a number of 

different fusion Smad constructs were analyzed for their ability to demonstrate a 

detectable change in FRET upon stimulation with BMP-4 (Fig. 3.13). In all attempted 
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constructs, the MH1 domain and the linker were deleted, and only parts of the MH2 

domain or the full MH2 domain were fused between YFP and CFP (Fig. 3.13).  

The same linker L as for Smad1YC was inserted between the C terminus of 

Smad1 and CFP. The Smad1-MH2-only biosensor that worked best in FRET 

experiments was named YSmad1C and used in all subsequent experiments (Fig. 3.14A). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.13. Development of MH2 domain-based Smad1 biosensors.  Schematic 

representation of the constructs designed to observe the activation of the MH2 domain 

of Smad1. These are fusion proteins containing a sequence of the MH2 domain fused to 

YFP and CFP with a specific linker (L or L0) at the C-terminus. Two lowest fusion 

proteins are containing a truncated sequence of the MH2 domain. A relative change in 

FRET measured in COS1BR cells upon full receptor activation (with BMP-4 20nM) is 

presented by + signs (significance of one, two +, significance meaning - + was positive 

in minority of trials and + + was positive in majority of trials).  
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Fig. 3.14 Smad1 MH2 domain-based FRET biosensor. A, The YSmad1C fusion 

protein was constructed by flanking the human Smad1 MH2 domain with YFP and 

CFP. CFP was attached with the specific short linker sequence (L) to the C-terminus. 

The construct does not contain the MH1 domain and the MH1 linker. B, COS1 cells 

transfected with the YSmad1C expression plasmid were stimulated with BMP-4. Cells 

were harvested at the indicated times after BMP-4 stimulation and analyzed by Western 

blot for the presence of phosphorylated Smad1 (pSmad1). Total YSmad1C was detected 

using an anti-fluorescent protein (αFP) antibody.  

 

3. 2. 2 Biological application of the Smad1-MH2 FRET biosensor. 

COS-1 cells were transfected with plasmids encoding YSmad1C and BMP 

receptors for Western blot analysis of the phosphorylation properties (Fig. 3.14B). The 

Western blots indicated that the YSmad1C showed a notably constant phosphorylation 

than wild-type Smad1. The band reflecting the phosphorylated fusion protein could be 

detected already without BMP-4 stimulation, and the signal increased within the first 

minute after BMP-4 addition indicating that Smad1 without MH1 domain was 

phosphorylated without delay (Fig. 3.14B). By contrast, phosphorylation of the 

endogenous Smad1 protein (as a control in the same cells) showed no significant 

phosphorylation within the first 5 minutes after BMP-4 addition (Fig. 3.14B). Next, 

COS-1 cells were transiently transfected with YSmad1C for FRET observations 
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between CFP and YFP (Fig. 3.15). All FRET data (n=9) was subjected to computerized 

analysis to determine the average kinetics of FRET change (Fig. 3.15B).  

After stimulation of the cells with BMP-4, a fast decrease (that demonstrated 

that the YSmad1C sensor lacking an MH1 domain was phosphorylated almost 

immediately after addition of BMP-4) with subsequent slow recovery of FRET ratios 

was recorded with time constants of the decrease of 300±40 sec and with the slow 

increase of 600±140 sec (about 50% of the cells) (Fig. 3.15A and C) or without increase 

(also about 50% of the cells) (Fig. 3.16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.15. Intra-molecular FRET kinetics measurement with YSmad1C. A,  

measurement and B, computerized analysis of FRET (black line of fit in the gray 

calculated measurement points) represented by the ratio FYFP/FCFP from C, the 

individual FYFP and FCFP corrected measurements in single COS-1 cell transiently 

transfected with YSmad1C and BMP receptors. Stimulation of the YSmad1C transfected 

cells with BMP-4 leads to a rapid decrease of FRET in about 300 sec and a slow 

recovery phase of about 600 sec with corresponding and decreases in YFP channel and 

increases in CFP.  
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Fig. 3.16 FRET experiments with 

YSmad1C. Measurement and 

computerized analysis of FRET ratio 

in single COS-1 cell transiently 

transfected with YSmad1C and BMP 

receptors. Stimulation of YSmad1C-

transfected cells with BMP-4 leads to 

a rapid decrease of FRET in 290 

seconds and without recovery 

phase with corresponding decreases in the YFP channel and increases in the CFP 

channel. 

 

The same control experiments (n=4) as for Smad1YC sensor were performed in order to 

reliably determine FRET in the COS-1 cell before BMP-4 addition by acceptor 

photobleaching (Fig. 3.17A). The acceptor was photobleached, and this maneuver 

significantly decreased the fluorescence of YFP accompanied by a successive increase 

in the fluorescence of CFP by about 30%. This indicated that a baseline FRET exists in 

the absence of stimulation, because this biosensor has a closed conformation before 

BMP stimulation (Fig. 3.17A). BMP signaling is a slow process. After cell stimulation 

with BMP-4, the signal can continue for 1-2 hours, and Smad proteins are able to 

recycle after dephosphorylation, which appears in the nucleus. Part of the 

dephosphorylated Smad1 will bind again to the receptors, while the other part of the 

Smad1 proteins will be degraded. Therefore, it would be interesting to detect a reversal 

of the FRET signal in cells which were co-transfect with a more robust biosensor like 

YSmad1C. The reversibility was tested by first observing (Fig. 3.17B) a second FRET 

change of the YSmad1C biosensor in the COS-1 cells (n=3 out of 20) by waiting for 30 

min after the first BMP addition to allow for recovery, followed by another BMP 

addition. 15 min after the first BMP-4 addition the BMP-containing medium was 

washed away with 3 ml of FRET buffer, and 30 min later BMP-4 was added again. As 

shown in figure 3.17B, a second FRET decrease was clearly observed. Thus, the BMP-

induced conformational change of YSmad1C was indeed reversible. 
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To demonstrate that the FRET signal changes reflected Smad1 phosphorylation, 

the same serine/threonine inhibitor cocktail was used as for the full-length Smad1 

biosensor. COS-1 cells were transfected with Smad1-MH2 biosensor and pre-incubated 

with the inhibitor cocktail, and then the FRET signal after BMP-4 addition was 

measured (n=4) as shown of Fig. 3.18. A FRET change did not appear after BMP-4 

stimulation, indicating the absence of a conformation change of the biosensor. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.17 A, Donor Dequenching after Acceptor Photobleaching of YSmad1C. COS1 

cell transiently transfected with BMP receptors and YSmad1C FRET was analyzed by a 

technique called Donor Dequenching after Acceptor Photobleaching. Emission 

Intensities of YFP (535 nm, yellow) and CFP (480 nm, cyan) were recorded before and 

after the acceptor fluorophore (YFP) was completely photobleached with 500 nm 

excitation light. B, Reversibility of YSmad1C biosensor. Measurement of FRET 

(represented by the ratio FYFP/FCFP) in single COS-1 cell transiently transfected with 

YSmad1C and BMP receptors. Stimulation of YSmad1C-transfected cells with BMP-4 

(1) leads to a rapid decrease of FRET in 300 seconds. Then the cell were washed with 

FRET buffer (3 ml), and after a recovery phase the cell were stimulated with BMP-4 

again (2) that leads also to a slow decrease. 
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Fig. 3.18 FRET measurements after 

incubation with a serine/threonine kinase 

inhibitor cocktail which is able to prevent 

phosphorylation of YSmad1C. COS1 cells 

transfected with biosensor YSmadC were 

pre-incubated with a kinase inhibitor 

cocktail, and then the FRET signal was 

recorded after BMP-4 addition. FRET  

change did not appear after BMP-4 stimulation after BMP-4 stimulation indicating the 

 absence of conformation change of the biosensor.  

 

Nonetheless, a second control experiment was performed: the YSmad1C fusion protein 

was modified by exchange of the three distal serines to alanines. This fusion protein was 

named YSmad1(SA)C (Fig.3.19). COS-1 cells were transiently transfected with 

plasmids encoding YSmad1(SA)C and BMP receptors and analyzed by FRET 

microscopy (n=6). As shown in figure 3.19, the serine-to-alanine mutations abolished 

the FRET change, indicating that phosphorylation of the SSXS motif is required for the 

FRET change.   

 

Fig. 3.19 FRET of YSmad1(SA).  

Measurement of FRET (represented by 

the ratio FYFP/FCFP) in single COS-1 

cells transiently transfected with 

YSmad1(SA)C and BMP receptors. 

Stimulation with BMP-4 caused no 

response in the FRET signal. 

 

3. 3 Smad1 and Smad4 biosensors 

3. 3 .1 Development of Smad1 and Smad4 biosensors for intermolecular FRET 

           The next goal was to develop Smad1 and Smad4 biosensors to study the kinetics 

of heterocomplex formation with intermolecular FRET. To develop highly sensitive 
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Smad1 and Smad4 intermolecular biosensors, a number of different fusion Smad 

constructs (YFP for Smad4 and CFP for Smad1) were analyzed for their ability to 

demonstrate functional activity and a detectable change in FRET upon stimulation with 

BMP-4. In these FRET experiments we expected an increase in FRET signal because it 

was based on an interaction between two proteins (Smad1 and Smad4) upon receptor 

stimulation with its ligand. 

To start, a number of different fusion Smad proteins were constructed (Fig. 3.20), which 

were subsequently tested for their ability to translocate to the nucleus upon BMP-4 

addition. This was considered to be an indicator of physiologically normal behavior, as 

has been shown for endogenous Smads. To test this, COS-1 were transfected with 

Smad1 or Smad4 fusion constructs, and their intracellular-localization after 60 minutes 

of induction with BMP-4 was observed. As will be discussed in next chapter, after 60 

min of BMP-4 stimulation, each of the fusions Smad proteins was separately 

translocated into the nucleus. Secondly, fusion Smad proteins were tested in an 

established assay to ensure that they retained the activity of wild-type Smads. A 

luciferase reporter assay was done to test the transcriptional activity of the fusions. To 

do this, plasmids encoding (also will be shown in next chapter) the Smad1 and Smad4 

fusion proteins were transiently transfected together with the Smad1/Smad4-dependent 

luciferase reporter plasmid, pSBELuciferase, into COS-1 or MDA-MB cells, and the 

luciferase activity was measured 48 hours after transfection and after 8 hours of BMP-4 

stimulation. For those fusion proteins, which were positive in both fuctional assays (i.e. 

nuclear localization 1 h after BMP-4 addition and increased luciferase activity derived 

from the pSBELuciferase reporter plasmid) (Fig. 3.20A), intermolecular FRET 

experiments were conducted (Fig. 3.20B). To do this, COS-1 cells were transiently 

transfected with Smad1 and Smad4 fusion constructs (Fig. 3.20A), and the FRET signal 

upon stimulation with BMP-4 was recorded (Fig. 3.20B). The best combinations of two 

fusion proteins (one Smad1 and one Smad4), which demonstrated the highest FRET 

increase, were used as a model for more precise measurements of the interaction kinetic 

of Smad1–Smad4 and heterocomplex formation by FRET. The Smad1 fusion proteins 

CSmad1 and Smad1-L-C, and the Smad4 fusion protein YL1Smad4 (Fig. 3.20B) were 
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chosen as the best combination for studying the kinetics of complex formation with 

FRET in living cells (see chapter 3.3.3).  

The linker L1 (SGLRSRV) between YFP and Smad4 apparently preserved the 

functional activity of Smad4. This linker is part of the multiple cloning site (MCS) of 

the plasmid vector pGFP-C1 (Clontech), and it was shown that with this linker Smad4 

preserves its functional activity. Apparently the Smad4 C-terminal fusion protein that 

was fused directly to YFP without any linker did not show functional activity. A linker 

was not necessary for the CSmad1 fusion protein but necessary for Smad1LC as was 

previously shown (Fig. 3.21A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.20 Development of the Smad1 and Smad4 biosensors. A. Schematic 

representation of the constructs designed to observe complex formation between Smad1 

and Smad4. These are fusion proteins, containing a sequence of Smad1 fused to CFP at 

the C- or N-terminus with or without specific linker, L or L1, and Smad4 fused to YFP 

at the C- or N-terminus with or without a specific linker, L or L1. First the nuclear 

translocation and luciferase activity of the fluorescent Smad proteins after BMP-4 

stimulation was tested. The results are presented by + signs, and the constructs with 
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two + were selected for intermolecular FRET experiment. B. A relative increase in 

FRET measured in COS1BR cells upon full receptor activation (with BMP-4 20nM) is 

presented by + signs (significance of one, two +, +, significance meaning - + was 

positive in minority of trials and + + was positive in majority of trials).  

 

3.3. 2 BMP4-induced nuclear translocation and transcriptional activity of 

fluorescent Smad fusion proteins 

          In this chapter the experiments of nuclear translocation and luciferase activity 

upon BMP-4 stimulation and also Western blot analysis with the chosen Smad1-L-C, 

CSmad1 and YLSmad4 are demonstrated.  

COS-1 cells or HEK 293 cells were transfected with the fluorescent Smad fusion 

expression plasmids, and the behavior of the fusion proteins after BMP-4 addition was 

analyzed (Fig. 3.21). First, to ensure that the CFP/YFP Smads perform 

nucleocytoplasmic shuttling in the absence of BMP-4 stimulation, cells were pretreated 

with leptomycin B (LMB), which inhibits the nuclear export by CRM1/exportin-1. 

CRM1 has previously been identified as the nuclear transporter for NES-dependent 

export of Smads (44). CSmad1, Smad1-L-C (data not show), and YL1Smad4 were 

predominantly cytoplasmic in untreated cells and predominantly nuclear in cells treated 

with LMB (Fig. 3.21B and C). Similarly, the fusion proteins accumulated in the nucleus 

(but only in about 30% of observed cells) after 60 minutes of induction with BMP-4 

(Fig. 3.21B and C). To test whether co-expression of the two Smad fusion proteins, 

CSmad1 and YL1Smad4, impairs nuclear translocation, COS-1 cells were co-

transfected with both CSmad1 and YLSmad4 expression plasmids to observe in parallel 

nuclear translocation of each fusion protein over time upon BMP-4 or LMB addition. 

With confocal microscopy, it was clearly observed that co-expression does not prevent 

nuclear translocation of both fusion proteins upon LMB addition (Fig. 3.21D).  

The parallel observation of nuclear translocation of each fusion protein over time upon 

BMP-4 addition was more difficult. Previously published results of others indicated that 

nuclear translocation in complexes is less favored in comparison to the translocation of 

endogenous Smads (134) because fluorescent proteins fused to Smads have a lower 
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mobility and apparently lower nuclear translocation probabilities spatially in 

heterocomplex. 

Nonetheless, nuclear translocation of the fusion proteins upon BMP addition was 

observed by means of confocal fluorescence lifetime imaging (FLIM), a technique 

which can determine FRET efficiency. The technique is able to determine FRET by 

changes in the fluorescence lifetime of the donor in the presence of the acceptor on a 

pixel-by-pixel basis for time-lapsed images on the minute time-scale (see materials and 

methods). The nuclear translocation of CSmad1/YLSmad4 upon BMP-4 addition with 

FLIM was observed and will be described it in the next section.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.21 BMP4-induced nuclear 

translocation of fluorescent Smad1 and 

Smad4 fusion proteins. A, CFP was fused 

to the N-terminus of human Smad1, and 

YFP was fused with a short linker 

sequence (L) to the N-terminus of human 

Smad4 to generate CSmad1 and YLSmad4, 

respectively. B and C, time-lapse images 

 of nuclear localization of CSmad1 and YLSmad4 after BMP-4 and LMB addition (1, 30 

and 60 min). COS-1 cells were transiently transfected with plasmids expressing 

CSmad1 or YLSmad4 and the BMP receptors. Cells were treated with BMP-4 (20nM) 
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or LMB (2nM). The experiments shown are representative of at least three independent 

experiments. D, The CSmad1/YLSmad4 time-lapse images of nuclear localization after 

LMB addition (1, 30 and 60 min). COS-1 cells were transiently co-transfected with 

plasmids expressing CSmad1 and YLSmad4 and the BMP receptor. Cells were treated 

with LMB (2nM). The experiments shown are representative of at least three 

independent experiments.  

 

The transcriptional activity of CSmad1 and YL1Smad4 were tested using the 

pSBELuciferase reporter assay (n=3) (Fig. 3.22B and C). For this assay, the Smad 

fusion proteins were expressed in MDA-MB468 cells, which lack endogenous Smad4, 

but contain R-Smads. The results of the luciferase assays were difficult to obtain 

without long periods of starvation (see materials and methods) due to over-expression 

of endogenous R-Smads mixed with normal cell signaling activities creating 

unfavorable basal activities. The starvation apparently reduces the endogenous Smad1 

levels so that co-transfection of both Smad1 and Smad4 were necessary to observe the 

difference between the active and non-active cells. The Smad1/Smad4-dependent 

luciferase reporter plasmid, pSBELuciferase, was transiently transfected together with 

the CSmad1 (Fig. 3.22B) or YL1Smad4 (Fig. 3.22C) expression plasmid. As shown in 

figure 3.22B and C, luciferase expression was enhanced by co-transfecting wtSmad4 

with CSmad1. YLSmad4 co-transfected with wt Smad1 also increased the luciferase 

activity. From the data presented in this part we concluded that CSmad1 and YLSmad4 

retain the normal function as a transcription factor. 

Next, CSmad1 phosphorylation was observed upon BMP-4 addition (Fig. 3.22A). 

COS-1 cells were transfected with these expression plasmids for Western blot analysis. 

YL1Smad4 was detected with a Smad4-specific antibody in Western blot experiments. 

The Western blots indicated that CSmad1 was phosphorylated efficiently in response to 

BMP-4, as was endogenous Smad1, with same rate of the phosphorylation (Fig. 3.22A). 

The next parameter is an increase in FRET signal after BMP-4 addition. The 

FRET signal between CSmad1 and YL1Smad4 was most pronounced and reproducible. 

The FRET signal between Smad1LC and YL1Smad4 was less reproducible but similar 

to the FRET signal between CSmad1 and YL1Smad4 (Fig. 3.23). Nevertheless, the 
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kinetics is appearing to be different.  This indicated that the intensity, but not the 

kinetics, of the FRET signal does not depend on the position of the fluorescent proteins 

in Smad fusion proteins.  Thus, one can conclude that CSmad1 and YL1Smad4 can be 

used in fluorescence microscopy investigations to study the kinetics of Smad1-Smad4 

complexation in detail by FRET. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.22. BMP4-induced functional activity of fluorescent Smad1 and Smad4 fusion 

proteins. A, CSmad1 and YLSmad4 were expressed in COS-1 by transient transfection. 

Cell extracts were harvested at different times after BMP-4 stimulation and analyzed by 

Western blot with antibodies recognizing phosphorylated Smad1 (αpSmad1), total 

Smad1, Smad4, or fluorescent proteins (αFP). B and C, MDA-MB468 cells lacking 

endogenous Smad4 were transfected with the pSBE Luciferase reporter plasmid and 

plasmids expressing wild-type Smad4, YLSmad4 (for B,), or wtSmad4 and CSmad1 (for 

C,). Cells were treated with BMP-4 for 8 hours, and luciferase activity was measured. 

The data are means and standard deviations of experiment performed in triplicate. All 

experiments were repeated three times. 
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Fig. 3.23 Measurement of FRET with Smad1LC. A and B, Measurement of FRET 

(represented by the ratio FYFP/FCFP) in single COS-1 cell transiently transfected with 

Smad1LC, YLSmad4, and BMP receptors. Stimulation with BMP-4 caused almost no 

response in the FRET channel for a dormant period of about  100 seconds, after which 

a FRET increase occurred with a time constant of about 700 seconds with a 

corresponding increase in the YFP and a decrease in the CFP channel. 

 

3. 3. 3 Kinetic studies of Smad1/Smad4 fusion proteins complex formation.        

The CSmad1 and YL1Smad4 fusion constructs were used to measure the complex 

formation rate between Smad1-Smad4 by FRET (Fig. 3.24). COS-1, HeLa, and MDA-

MB468 cells (n=3 for each cell line) were transiently transfected with plasmid 

constructs expressing CSmad1, YL1Smad4, and BMP receptors. Then, the kinetics of 

heteromeric complex formation of these fusion proteins was observed before and after 

stimulation with BMP-4. The experiments in figure 3.24 A and B demonstrated that 

FRET occurred between these constructs in COS-1 and HeLa cell after addition of 

BMP-4 with corresponding increases in the YFP channel and decreases in the CFP 

channel. Computer-assisted analysis of the FRET data revealed an increase of the FRET 

signal in the cells with an average time constant of 517±160 sec, but only after a 

260±48 sec delay with no FRET change (Fig. 3.24 A and B). A two times higher 

amplitude of FRET increase was observed in MDA-MB468 breast cancer cells. This 

could be explained by the absence of the endogenous Smad4 that likely serves as a 

competitor of the Smad4 fusion protein (Fig. 3.24C).  In this situation the measured 

intermolecular FRET, the intracellular molar ratio between donor and acceptor was 
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difficult to control, and different concentrations of the two fluorophores may be 

misinterpreted as FRET. In this case, the recorded change in donor and acceptor 

fluorescence can be identified as a true change in FRET by monitoring donor and 

acceptor fluorescence intensity over time. A true FRET change corresponds to a 

symmetric change of donor and acceptor fluorescence intensity as one can see on figure 

3.24 (e.g. in case of an increase in FRET – simultaneous increase in the acceptor and 

decrease in donor fluorescence). Another approach to prove FRET consists in collecting 

the donor emission before and after photobleaching of the acceptor (Fig. 3.24D). FRET 

was determined in the MDA-MB468 cell line (30 min after BMP-4 addition) by 

acceptor photobleaching (n=3). The acceptor was photobleached selectively, and, as 

expected, this maneuver significantly decreased the fluorescence of YFP accompanied 

by successive increase in the fluorescence of CFP by 15% (Fig. 3.24D).  

The donor to acceptor ratios ranges measured for all of the CSmad1/YLSmad4 

intermolecular FRET cells from figure 7 (and further measured cells for statistics with 

data not shown) were between 0.7 and 2.1. Between these values, no major trends of 

FRET change and CFP/YFP ration were observed. Although a few trials were attempted 

well above and well below these CFP/YFP ratio ranges, a stable FRET was never 

observed. These observations are in accordance with the predicted donor to acceptor 

concentration range of 0.1 to 10 by Berney et al (2003) [51] for a stable, detectable 

FRET to occur.  

As an additional method for proving intermolecular FRET, fluorescence lifetime 

imaging (FLIM) was used. HeLa cells were transiently co-transfected with plasmid 

constructs expressing CSmad1, YLSmad4, and BMP receptors. The kinetics of FRET of 

these fusion proteins were observed before and after stimulation with BMP-4 for 45 min 

(Fig. 3.25A (left panels)) and measured every 15 min. 

An analysis of the CFP fluorescence lifetime of the 17 HeLa cells in Fig. 3. 25A (left 

panels) revealed a significant decrease in fitted and averaged decay time constants from 

2.27 ± 0.06 nsec before addition to 1.87 ± 0.03 nsec 45 min after addition of BMP-4.  

Shorter fluorescence lifetimes in comparison to the pure CFP fluorescence lifetime (in 

this case of singly expressed CSmad1 in HeLa cells) are due to the interaction with the 

acceptor molecule (YLSmad4) causing the FRET (34, 35, 51). Furthermore, the ratio of 
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the CFP (FRET) lifetime to the pure CFP lifetime can be used to calculate the FRET 

efficiency (see materials and methods).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.24 Intermolecular FRET 

kinetics of CSmad1 and YSmad4. 

Cells were co-transfected with 

plasmids encoding the Smad fusion 

proteins and the BMP receptor. 

FRET was measured in single COS-1      

(A), HeLa (B), or MDAMB468 (C) cells. Stimulation with BMP-4 caused very little 

response in the FRET channel for a dormant period of about 300 sec, after which a 
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FRET increase occurred with a time constant of about 600 sec with a corresponding 

increase in the YFP and a decrease in the CFP channel. D, MDA-MB468 cell 

transiently expressing BMP receptors and YLSmad4 and CSmad1 fusion proteins were 

analyzed by a technique called Donor Dequenching after Acceptor Photobleaching. 

Emission Intensities of YFP (535 nm, yellow) and CFP (480 nm, cyan) were recorded 

before and after the acceptor fluorophore (YFP) was completely photobleached with 

500 nm excitation light. 

 

Before BMP addition of the co-transfected CSmad1/YLSmad4 HeLa cells (n=17), the 

CFP fluorescence lifetime indicated a baseline FRET efficiency of 5 ± 2% in contrast to 

45 minutes after addition revealing a FRET efficiency of 22 ± 2% giving rise to a total 

FRET change (ΔFRET) of 17 ± 4%. 

The ΔFRET was calculated on a pixel-by-pixel basis for all of the 17 cells showing a 

normal distribution (see Fig. 3.25B for 15 min and 45 min after BMP addition) to verify 

mean and standard error distribution of the FRET change (6±1% for 15 min and 11±1% 

for 45 min after BMP addition). The slight differences in FRET change calculation here 

(in comparison to the 17% calculated above) are almost entirely due to pixel shifts in 

time during image acquisition mostly due to the slow migration of the cells.  

The FRET change (ΔFRET) was also determined for the 17 individual cells at 15, 30, 

and 45 min after BMP addition to show the dynamics and statistics contributing to this 

FRET (Fig. 3.25C). A majority of cells (11 of 17 and 12 of 17) show a significant 

ΔFRET increase of >6% at 30 and 45 min after BMP addition, respectively, with nearly 

half (7 of 17) showing a >6% ΔFRET already at 15 min after addition. The range of 

CFP/ YFP ratios where ∆FRET occurred was found to be between 0.3 to 3.1 agreeing to 

the acceptable range as reported by Berney et al. (2003).  However, due to the 

possibility of photobleaching (discussed below), and removal of data from 

photobleaching, the dynamic range would be reduced to 0.7 to 3.1, overlapping the 

values reported above. 

Photobleaching of CFP has also been shown to affect fluorescence lifetime 

measurements and, thus, could cause a falsely reported FRET or ΔFRET [54] . Care 

was taken to use experimental conditions that did not allow photobleaching (see 
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Materials and Methods). However, upon application of the “apparent photobleaching 

ratio" (as defined by Tramier et al (2006) [54]) for the CFP (see Materials and Methods 

for calculation and figure 8C for individual cell values), 7 cells showed a significant 

“apparent photobleaching” (> 0.3) and two cells showed a slight “apparent 

photobleaching” (< 0.3 but > 0.1) causing greater than 20% shorter CFP fluorescence 

lifetimes in the significant case and less than 10% shorter lifetimes in the slight case.  

Because the possibility exists that further CFP fluorescence intensity decreases, 

indicated by a lower “apparent photobleaching” value, could occur to either 

reorganization (by nuclear localization or cell shifting) or to photobleaching, we have 

further categorized all of the form from CFP for measurements into four possible cases: 

no photobleaching and no reorganization, no photobleaching and reorganization, 

photobleaching and reorganization, and photobleaching and no reorganization. The 

∆FRET remains to be highly significant after rejection for any possibility of 

photobleaching with 5 of the 8 cells > 0.04. The ∆FRET   improves even further in 

dynamics and statistics if the reorganization of CFP rules out the photobleaching 

rejection with 12 of 15 cells > 0.04 and 9 of 15 cells > 0.06.    

 As mentioned above, figure 3.25A (left panels) shows FLIM images of CSmad1 before 

and after BMP-4 addition that have significantly decreasing donor (CFP) lifetimes in 

the majority of cases in the cytosol (12 of 17 cells) and that also show in some cases the 

FRET change slowly traveling in to the nucleus of HeLa cells (4 of 17 cells). Only one 

cell showed an absolutely clear pure CSmad1 and YLSmad4 nuclear translocation to 

complement the nuclear translocating FRET (Fig. 3.25A, encircled cell in left panels 

and right panels). 
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Fig. 3.25 Observation of intermolecular FRET kinetics of CSmad1 and YSmad4 in 

HeLa cells with FLIM. A (left panels), Fluorescence lifetime image (FLIM) analysis of 

CSmad1 in 17 Hela cells co-transfected with CSmad1 and YLSmad4 (left) before (t=0 

min) and (right) t=45min after addition of BMP-4. The donor mean lifetime decreases 

from 2.27 ± 0.03 nsec to 1.87 ± 0.03 nsec for the 17 HeLa cells 45 min after BMP-4 

addition (scale bar, 50 µm). A cell is encircled as it shows nuclear translocation of 

FRET shown in detail in the right panels.  A (right panels), shows a zoomed 

transmission, pure CFP, pure YFP, and FLIM of the nuclear translocation FRET as an 

example from the left panels before (t = 0 min) and 45 min after BMP-4 addition (scale 

bar, 10µm). B, histogram and distribution of FRET dynamics from the pixels of the 17 

Hela cells co-transfected with CSmad1 and YLSmad4 from A. ΔFRET efficiencies were 

calculated at 15 min (dashed lines) and at 45 min (solid lines) after BMP addition 

subtracted from the FRET  at t=0 min before BMP addition. Both column graphs were 
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fitted with single Gaussian curves and reveal a change in FRET efficiency of 6 ± 1 % at 

t=15min and 11 ± 1 % at t=45min. C, FRET efficiency change of 17 Hela cells  

transfected with CSmad1 and YLSmad4. TCSPC data from sample and control 

experiment were taken for calculation of FRET efficiency. The FRET efficiency before 

BMP addition serves as reference to show the dynamics of FRET. The white column 

indicates the change in FRET efficiency after 15 min, the gray columns after 30 min 

and the black columns after 45 min of BMP-4 addition. 
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4. Discussion 
 

In this study, fluorescent biosensors for direct visualization of Smad signaling 

were developed. With these Smad biosensors, the kinetics of Smad1 activation, which is 

defined by phosphorylation-induced, concerted structural changes of Smad1, were 

investigated. In addition, the kinetics of Smad1/Smad4 complex formation was 

analyzed by FRET using YFP and CFP fusions of Smad1 and Smad4, respectively. 

These Smad fusion proteins closely mimic the behavior of endogenous Smad1 and 

Smad4 in terms of their activation and their formation of active Smad transcription 

factor complexes on Smad-responsive elements. 

 

4. 1 Advantages and disadvantages of FRET biosensors 

The most difficult part of this work was the creation of functionally active 

fluorescent Smad fusion proteins that can be used as FRET biosensors. It is of utmost 

importance that these fusion proteins have the same or at least very similar functional 

properties as the wild-type proteins, and, in addition, they have to be usable for 

detection of FRET.  

To create the Smad fusions, different strategies of placing the fluorescent proteins in 

sequence with Smads were tested.  YFP or CFP were fused to the C- or N-terminus of 

different Smad domains, and at least 2-3 different tests for their functional activity were 

performed. Phosphorylation as a marker of activation was analyzed by Western blot, 

nuclear translocation was visualized with time-lapse microscopy, and the transcriptional 

activating activity of the fusion proteins was measured with a luciferase assay. All 

functional assays performed with the full-length Smad biosensors with YFP or CFP on 

the C- or N-terminus indicated that the fluorescent fusion Smads mimic the behavior 

wild-type Smads in cultured cells. However, it is still possible that some functional 

aspects or specific interactions with other signaling pathways could still be impaired. 

Therefore, the FRET biosensors should be used only as a model to probe Smad 

signaling pathways. It is important to keep in mind that the validity of any model needs 

to be confirmed with independent functional assays.  



                                                                                                                        
                                                                                                     Discussion 

 
 

 89

With the Smad1YC and YSmad1C biosensors, it was possible to detect phosphorylation 

upon BMP-4 addition with same rate as phosphorylation of the wt Smad1 (in case of 

Smad1YC), but transcriptional activation was not detected with these biosensors using a 

luciferase assay with vector containing a Smad-binding element (SBELuciferase). The 

reason for this has not been determined, but it could be that fusing the entire Smad1 

protein or only the Smad1 MH2 domain with two fluorescent proteins created a problem 

for the relatively large fusion protein to translocate into the nucleus or to interact with 

different transcription factors or DNA. If this was the case, it might indicate that 

monomolecular Smad1 biosensors can only be used to study the kinetics of Smad 

phosphorylation. 

Another issue to consider when using FRET microscopy to study processes in living 

cell is that overexpression of fusion proteins could be harmful for cells. Fluorescent 

proteins could be toxic for cells if they are overexpressed and induce aberrant signaling 

or apoptosis (176). Thus, it is important to find a suitable expression level of fusion 

proteins that allows FRET measurements without toxicity to the cell and keep it for all 

FRET measurements. To provide stable and reproducible FRET measurements it is 

important to have similar amounts of the CFP and YFP fusion proteins inside of the 

cell. For all cells, used for FRET experiments, concentrations of fusion proteins were 

about 0.7-1.4 µM in single cell.This is of particular importance for intermolecular FRET 

experiments. Here, control experiments using acceptor acceptor photobleaching or 

FLIM are needed.  

In spite of the limitations mentioned above, the FRET technique in general has a lot of 

important advantages. First of all, with FRET microscopy one can visualize processes in 

living cells in real time, very fast, and without severely damaging or killing the cell due 

to lysis, necessary for biochemical techniques. FRET microscopy is more sensitive than 

standard biochemical techniques as it allows observing the signaling processes from the 

very beginning and visualizing and recording even very small changes in the kinetics of 

these signaling processes under different physiological conditions. It would be great if 

the Smad biosensor could be used not only in living cells, but even in tissues and organs 

of a whole organism, provided that the fusion proteins can be expressed stably in cells 

of this organism. For example FRET changes could be recorded in real time in different 
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parts of an embryo during embryogenesis or in different tissues during wound healing. 

On the cellular level, the FRET biosensors can be used drug screening in order to find 

new inhibitors or activators of the BMP singling pathway. 

 

4. 2 Creation of fusion Smad proteins 

The most important and at the same time most difficult step in creating Smad 

fusion proteins is to place the Smad domains and the fluorescent protein domains in a 

way that this fusion Smad still retains its functional activity. A useful assembly of 

protein domains can sometimes be reached only after trying many different cloning 

strategies. Some fusion construct can have functional activity but do not show FRET 

change after activation. The reason for this could be an unfavorable distance and/or 

orientation between donor and acceptor. The distance should be not more then 10-20 

nm, and the orientation should not be perpendicular, but these parameters are very 

difficult if not impossible to predict. During constructions of fusion proteins it is in 

some cases necessary to insert linkers between the Smad- and the fluorescent protein 

domains. In the present study, the first attempt was to place the fluorescent protein at 

the C- or N-terminus of Smad1 without linkers and test these fusion proteins for 

functional activity. Some of them retained functional activity, while others needed 

modifications, particularly the incorporation of suitable linker sequences. For the 

construction of the Smad1YC and YSmad1C biosensors it was necessary to place CFP 

at the C-terminus of Smad1. This became a potential problem for the specific 

phosphorylation properties of Smad1, because Smad1 is phosphorylated by the BMP 

receptor at two C-terminal serine residues. To avoid compromising Smad1 

phosphorylation, a linker (L) was inserted between CFP and the distal serines. To find a 

suitable linker, a search of the published literature was performed to find examples of 

linkers, which had been used previously for the creation of fusion proteins for FRET 

experiments. Some of these linkers were modified, and finally a functionally active 

Smad1 biosensor was obtained that could be phosphorylated by the BRI receptor. For 

the analysis of signaling using the YSmad1C biosensor it was also important how the 

YFP domain was placed at the N-terminus. It was attempted to separate YFP by a few 
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amino acids from the MH2 domain. However, only one construct was useful for FRET 

experiments.  

Smad4 had previously been fused to GFP using a short linker (235), and from these data 

it was unclear whether a linker was needed for the function of the fusion protein. With 

more intense investigations, it was found out that in all previous fusions of Smad4 with 

fluorescent proteins at the N- terminus, the authors "used" a fortuitous linker derived 

from the multiple cloning site (MCS) of the eYFP plasmid (Clontech), but unfortunately 

this was not mentioned in the publications. We used this linker (L1) with some 

modifications and develop a functionally active YL1Smad4 fusion protein.  

 

4. 3 The rate--limiting step of the BMP signaling 

The kinetics of activation of RSmads is a paradox in that the mobile fraction of 

these proteins (an immobile fraction of  the fusion Smad2 protein was also observed 

with FRAP (134)) diffuse quickly (in about msec rate) though the cell but 

phosphorylate slowly. The first question addressed with FRET was: What is the rate-

limiting step of the BMP signaling cascade? 

 BMP-4 signals via two types of receptors (BRI and BRII) that are expressed at 

the cell surface as homomeric or heteromeric complexes. The ligand, in this case BMP-

4, has two options for binding to the receptors. It can bind to the high-affinity receptor 

BRI and then recruit BRII into a hetero-oligomeric complex. This process leads to 

activation of the Smad-independent p38 MAPK pathway. The other alternative is to 

bind simultaneously to the preformed hetero-oligomeric complexes which are then 

endocytosed via CCP into the cytoplasm, and this may have an influence on the 

duration of Smad signaling. The complexes then activate the Smad signaling pathway 

(140). In previous publications (49, 139, 140) and own unpublished data), a high 

concentration of preformed complexes of BMP receptors which signal towards the 

Smad pathway was observed on the cell surface. Thus, the presumption was made that 

activated receptor should be instantaneously available upon BMP-4 binding to 

phosphorylate Smad1, provided that Smad signaling starts at the cell membrane and 

receptor internalization is not required. Therefore, BMP receptor activation should not 

be a limiting step of the Smad signaling pathway.  
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Recently, the cytosolic diffusion constants were reported for Smad2 before 

activation. The diffusion was so fast that there should nearly always be Smad2 

available for phosphorylation (170). A similarly fast diffusion can be assumed also for 

the related molecule Smad1. However, the kinetics of Smad2 phosphorylation as 

deduced from Western blot analyses showed that the phosphorylated Smads were 

observed after 10-15 min incubation with ligand (170). Thus, the question was 

addressed: is Smad1 phosphorylation the rate-limiting step of BMP-4 signaling? To 

answer this question, fluorescent biosensors of Smad1 that reflect the kinetics of Smad1 

phosphorylation were used. First, a full-length Smad1 fusion with YFP and CFP 

(Smad1YC) was created and analyzed. Western blot experiments demonstrated that this 

biosensor had phosphorylation kinetics similar to wild-type Smad1. Upon activation by 

phosphorylation, Smad1 undergoes a conformational switch (152, 180, 232) that should 

be reflected by a FRET change when using the engineered Smad biosensor. However, 

several processes could occur that could slow the signaling process such as diffusion-

driven events, protein binding, or dissociation from different anchor membrane protein 

upon phosphorylation by the type one BMP receptor. In any case, the changes in the 

FRET level serve as an indicator of the progression for cytosolic Smads to become 

phosphorylated and free for complexation.  

In the FRET experiments with Smad1YC, high initial FRET ratio levels were 

observed. After BMP-4 stimulation of COS-1 cells, FRET signals from Smad1YC 

displayed an initial “non-response” period about 300 sec with a subsequent slow 

decrease with an average time constant of about 300sec indicating that there are 

dynamic events occurring up to the phosphorylation process. In C2C12 and HEK 293 

cells, a slightly shorter “non-response” period of 100-300 sec followed by a slow signal 

decrease with an average time of 300 sec was observed. Thus, the following 

explanations for the non-instantaneous FRET response could be suggested: (1) 

endocytosis of the BMP receptors (73), (2) binding to other proteins before 

phosphorylation, (3) Smad1 stays bound to the receptor after phosphorylation and not 

allowing more to be bound, or  (4) that the event is complex formation. The bottom line 

is that all these processes can cause retardation in Smad signaling. After 

phosphorylation the Smad1 MH2 domain undergoes a conformation change and 
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interacts with the C-terminal tails of other Smad1 MH2 domains forming a homotrimer 

(152). Thus, it is possible that both, phosphorylation and homotrimerization contribute 

to the FRET changes.   

 As was mentioned before, Smad1 is activated by preformed complexes of the 

BMP receptors that are endocytosed. This suggests that the kinetics of Smad1 activation 

may to some extent be cell type-specific, leading to the hypothesis that the delay 

originates from the endocytosis rate of the BMP receptors on the plasma membrane as 

the corresponding delays reflect cell-type specific internalization rates (56). Hence the 

question was addressed: is endocytosis of preformed BMP receptor complexes the rate-

limiting step of BMP-4 signaling? To answer this question, FRET experiments with 

biosensor Smad1YC on the cell plasma membrane was conducted. We presumed that if 

Smad1 activation starts only after endocytosis of the receptor, we should not observe 

FRET changes at the plasma membrane. To do this experiment the TIRF microscope 

was used. It turned out that FRET started to change (decrease) already at the membrane 

with about 150 sec delay after BMP-4 addition. Apparently, Smad1 activation starts at 

the membrane area and does not depend on BMP receptor internalization. Activation 

again starts only after 100-300 sec delay, indicating that some second process needs to 

occur.  

In summary, for the period of 100-300 sec after BMP-4 addition when no changes 

in the FRET signal could be observed, we suggest that a slow, gated type of diffusion-

controlled reaction is naturally occurring in the cells. The interpretation of the “dead” 

response time after stimulation with BMP-4 is that it is an important kinetic factor of the 

Smad signaling process and perhaps even a major bottleneck to the kinetics of Smad 

signaling.  

 

4. 4 MH1 domain and Smad1 activation 

The experiments showed that the 100-300 sec delay in Smad1 activation was not 

caused by endocytosis of the BMP receptors or at least was not caused by endocytosis 

of these receptors occurring within the 70 nm penetration depth of the TIRF 

microscopy. Apparently, the key reason for the delay could be in a complex process of 

interactions of Smads with others proteins at the membrane. It has been shown that R-
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Smads are anchored at the cell membrane by interacting with various cytoplasmic 

proteins, including SARA, which recruits and stabilizes the monomeric form of 

Smad2/3 (208). This protein could also be responsible for the delay in Smad1 activation 

(208). Smad1 was also observed to interact with the cytoplasmic domain of CD44 and 

Endofin, which anchors Smad1 at the plasma membrane (150). Furthermore, the 

complete number of Smad interacting proteins at the membrane still remains to be 

determined (22, 113). All these factors could cause the delayed FRET response after 

BMP-4 stimulation. In fact, the complex regulatory process of R-Smad activation could 

be one of the rate limiting steps of the BMP receptor-signaling pathway in general.   

Previous studies have shown that the MH1 domain of Smad1 is responsible for binding 

not only to specific DNA sequences and transcription factors, but also to cytoskeletal 

proteins near the membrane (113). Moreover, the MH1 domain has a regulatory role in 

inhibition of the Smad molecule in the cytoplasm prior to activation. This inhibition is 

mediated through the binding of the MH1 domain to an opposing MH2 domain of 

Smad1, and Smad phosphorylation upon activation is thought to relieve it (57, 66, 106, 

113, 118). However, there is no direct evidence that the MH1 domain could be 

responsible for regulation of Smad1 phosphorylation, and that it can delay the process 

of Smad1 activation. Therefore, the question was addressed whether the MH1 domain 

could be responsible for the delay in Smad1 phosphorylation by developing a sensor 

based solely on the MH2 domain. To answer this question, the MH2-only Smad1 

biosensor lacking the MH1 domain (YSmad1C) was used. With this biosensor it was 

demonstrated how the MH1 domain influences the kinetics of Smad1 activation. Both, 

FRET measurements and Western blot analysis clearly showed that the YSmad1C was 

activated without the delay that wild-type Smad1 and the Smad1YC displayed. After 

stimulation with BMP-4 we observed that the FRET ratio quickly dropped (without the 

delay observed with the full sensor) with a time constant of about 300 sec, suggesting 

that this reflects the dynamics without the delay observed in the full Smad biosensor. 

These FRET experiments and those with the mutated sensor, YSmad1(SA)C, indicated 

that the FRET decrease reflected phosphorylation of the MH1-deficient Smad1, which 

start immediately without delay after BMP-4 addition. Thus, YSmad1C FRET signals 
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can be robustly and more quickly detected than with the full sensor and potentially 

many times faster than with Western blot or luciferase assays. 

The data demonstrate the important role of the MH1 domain in regulating Smad1 

phosphorylation (Fig. 4.1) However, homotrimerization of the MH2 domain of Smad1 

upon BMP stimulation could also contribute to the FRET changes as for the Smad1YC 

biosensor.  Also, the usefulness of the YSmad1C biosensor was further shown in that it 

is reversible in a low number of cases (~10%) tested by first observing the FRET 

decrease upon BMP-4 addition, removal of the BMP-4, waiting for a long period (>30 

min) for recovery, and observation of the FRET decrease again in the same cell upon a 

second addition of BMP-4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Conformational change of the Smad1 biosensors observed by FRET. This 

FRET change reflects the specific phosphorylation of two distal serines upon BMP-4 

stimulation. A rate-limiting delay of 2 - 5 minutes occurred between BMP stimulation 

and Smad1 activation. The delay is dependent on the MH1 domain of Smad1.  
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4. 5 Kinetics and rate-limiting step of Smad1/Smad4 complexation  

The next step of this work was to link the processes of Smad1 activation with 

Smad1/Smad4 complex formation. After Smad1 dissociates from the type I BMP 

receptor, it forms a complex with the Co-Smad, Smad4 (116, 253, 254). However, after 

phosphorylation by BRI, Smad1 performs a phosphorylation-induced trimerization with 

other Smad1 molecules. After this trimerization, Smad4 is exchanged with one of the 

Smad1 molecules via the conserved trimer interface. It has been suggested that such a 

process should occur slowly (152). 

In the present work, FRET experiments were done to study the kinetics of the 

Smad1/Smad4 complex formation in more detail. The results demonstrated that 

CSmad1 and YLSmad4 form a heteromeric complex in BMP-4-stimulated cells after a 

delay of about 300seconds. The time constant calculated from the FRET ratio increase 

after stimulation with BMP-4 is on the order of about 600 sec and indicates how slow 

the complex formation process between CSmad1 and YLSmad4 is. This expectable 

result and that allow us to us this tool as a model for studying Smad complexation.  

With the addition of FLIM, the statistics of positive recordings of the 

CSmad1/YLSmad4 complexation upon BMP addition in individual cells is quite high 

(70%). It was also shown by confocal microscopy and FLIM that the activated CSmad1 

and YLSmad4 complexes can enter the nucleus to further add to the usefulness of the 

biosensors.   

 

4. 6 The role of FRET-based Smad biosensors as tools 

Recent studies have shown an important role of TGF-β signaling in the 

regulation of cancer (10, 74). For example, specific mutations and deletions of the genes 

for R-Smad proteins occur in different human carcinomas (55). Therefore, fluorescent 

Smad biosensors could be used as new fast tool for the screening of drugs against 

certain cancers. Smad biosensors could be used in different cancer cell lines to identify 

differences in kinetics of activation and complexation in comparison with normal cells. 

One example, which demonstrates that biosensors can be used for drugs screening is the 

experiment where a serine-threonine kinase inhibitor cocktail was used.  This inhibitor 
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cocktail was used in the FRET experiments for Smad1YC and YSmad1C biosensors, 

and the lack of FRET change after BMP-4 stimulation indicated inhibition of 

phosphorylation of both biosensors. Also, FRET biosensors could be used to analyze 

the influence of different cytoplasmic proteins on Smad signaling. For this, different 

cells could be transfected with Smad biosensors together with some proteins that play 

role in activation or deactivation of Smad signaling. 

In a side collaborative project with the group of Thorsten Stiewe at the Rudolf Virchow 

Center, the influence of p73, a p53 family protein, on Smad1 signaling was studied. The 

p53 family plays a very important role as family of tumor suppressors. These proteins 

induce apoptosis, and an N-terminally truncated version of the p53 family protein p73, 

∆Np73, can serve as an antagonist of this processes (5, 37, 219, 224). In other words, 

the ∆Np73 protein is an antagonist of the complete p53 family. The ∆Np73 inhibits 

multiple differentiation processes, for instance the BMP2-induced conversion of 

myoblasts to the osteoblast lineage (68, 103). The question was asked if ∆Np73 inhibits 

Smad signaling pathways at the level of Smad1 phosphorylation. To answer this 

question, FRET experiment in the C2C12 cell line were conducted. The cells were 

cotransfected with Smad1YC and ∆Np73 or with Smad1YC and wild-type p73. The 

results showed that the ∆Np73 did not interfere with the Smad1 phosphorylation 

process. Apparently, the inhibition of BMP signaling by ∆Np73 can occur at a different 

level of BMP signaling, not on the level of Smad1 activation.  

Further applications to use of these biosensors are currently being developed in our 

group. One aim is to observe the expression of Smad biosensors in living organisms, 

organs, or part of organs by using the Selective Plane Illumination Microscopy (SPIM) 

technique. With this microscopy technique it is possible to observe the kinetics of Smad 

signaling with the Smad biosensors in living embryos of drosophila and zebrafish. Such 

experiments could allow specifically observing the role of Smad expression during 

initial phases of embryogenesis and giving important new insights into the role of the 

BMP signaling pathway during development. 
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Conclusions 

 
1. The cellular fluorescence Smad based biosensors for direct visualization with FRET 

of Smad-dependent signaling in live mammalian cells was developed.  

 

2. A rate-limiting delay of 2 - 5 minutes between BMP stimulation and Smad1 

activation was identified. 

 

  

 3. A similar delay in the Smad1/Smad4 complexation was observed.  

 

 

4. This delay is dependent on the MH1 domain of Smad1. 

 

  

5. These results give new insights into the dynamics of the BMP receptor – Smad1/4 

signaling process and provide a new tool for studying Smads.  
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