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CHAPTER 3 

 

Molecular interactions of Medicago truncatula putative Nod factor 

receptors, NFP and MtLYK3, as demonstrated with Fluorescence 

Resonance Energy Transfer-Fluorescence Lifetime Imaging 

Microscopy. 
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SUMMARY 

 

During symbiosis of legume plants with nitrogen-fixing rhizobia bacteria, 

receptor-like kinases (RLKs) with Lysin Motif (LysM) domains in their extracellular 

region (LysM-RLKs) are postulated to function as receptors for bacterial lipo-

chitooligosaccharidic signals, termed Nod factors (NFs). Despite substantial progress  

in identifying molecular components essential for Rhizobium-legume (RL) symbiosis, 

little is known about the exact activation and signaling mechanisms of the putative NF 

receptors. Recent studies have demonstrated that plant RLKs, similarly to animal 

receptors, rely on oligomerization to signal. Here, we present in vivo analysis  

of oligomerization status of two Medicago truncatula (Medicago) putative NF 

receptors, MtNFP and MtLYK3, heterologously produced in Nicotiana benthamiana 

(Nicotiana) leaves. Using Fluorescence Resonance Energy Transfer-Fluorescence 

Lifetime Imaging Microscopy (FRET-FLIM) we demonstrated that MtNFP  

and MtLYK3 formed homo(di)mers at the plasma membrane (PM) of Nicotiana leaf 

epidermal cells that was not dependent on the MtLYK3 kinase activity or the presence 

of NF. Heteromerization of these LysM-RLKs was studied using a kinase-inactive 

MtLYK3 variant, due to the development of cell death (CD) in response to  

the co-production of wild-type (WT) MtLYK3 and MtNFP. Tendency of these proteins 

to heteromerize was also independent of the presence of NF but was less pronounced 

than their homomerization potential. Specific considerations for in vivo FRET studies  

of dynamic (plant) protein-protein interactions in membranes are discussed. 
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INTRODUCTION 

 

Many of the PM-spanning proteins that perceive and transduce extracellular 

signals in eukaryotic cells rely on di- or oligo-merization to function. This can be 

through homo-merization (i.e. interaction of identical receptor protomers)  

or heteromerization (i.e. interaction of different, though often structurally related 

receptor protomers). Di- or oligo-merization of receptor protomers is postulated to 

modulate their affinity for a ligand. In addition, di- or oligo-merization is often required 

to stimulate kinase activity of the cytosolic kinases associated with the intracellular 

regions (InRs) of these receptor protomers (Heldin 1995). Similar kinase activation  

via allostery or (intermolecular) transphosphorylation has been reported for cell surface 

receptors possessing an intrinsic kinase activity, termed receptor kinases (RKs),  

e.g. animal receptor Tyr kinases (RTKs) are generally displayed on the cell surface  

as monomers and their di- or (less frequently) oligomerization is driven by ligand 

binding (Lemmon & Schlessinger 2010; Ward & Lawrence 2012). In case of animal 

TGF-β (for transforming growth factor β) receptor, two distinct homodimers have to 

heterodimerize in order to transduce the signal. This is because type-I TGF-β receptors 

(or transducers) are unable to bind ligands in the absence of type-II TGF-β receptors  

(or primary receptors), whereas type-II receptors are unable to signal in the absence  

of type-I receptors (Groppe et al., 2008). In both RTKs and TGF-β receptors, 

dimerization results in stimulation of their kinase activity, and hence their signaling 

output. Therefore, dynamic modulation of the oligomerization status is a general 

mechanism for regulating activation of animal cell surface receptors. 

Plant RLKs (termed RKs upon demonstration of the ligand binding)  

are postulated to share a monophyletic origin with animal RTKs and TGF-β receptors 
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(Shiu & Bleecker 2003 and refs therein), and thereby are also believed to employ 

similar mechanisms for activation. Corroborating this notion, three Arabidopsis thaliana 

(Arabidopsis) RKs: Clavata 1 (AtCLV1), Brassinosteroid Insensitive 1 (AtBRI1),  

and Flagellin Sensing 2 (AtFLS2) have been demonstrated to homomerize in planta 

(Russinova et al., 2004; Hink et al., 2008; Bleckmann et al., 2009; Guo et al., 2010; 

Sun et al., 2012 and refs therein), and this homomerization often increases upon ligand 

stimulation (Wang et al., 2005). In addition, several plant RLKs, but not AtCLV1,  

have been shown to heteromerize in a ligand-dependent manner with one or several 

different members of Arabidopsis Somatic Embrogenesis Receptor Kinase (AtSERK) 

subfamily (Wang et al., 2008 and refs therein; Karlova et al., 2006; Jeong et al., 2010; 

Schulze et al., 2010; Jaillais et al., 2011; Roux et al., 2011; Schwessinger et al., 2011 

and refs therein). Finally, heteromerization of AtBRI1 and AtBRI1-Associated Kinase 1 

(AtBAK1)/AtSERK3 is postulated to result in sequential reciprocal trans-

phosphorylation of both proteins, which ultimately increases the kinase activity 

downstream signaling output of AtBRI1 (Wang et al., 2008). 

In several legume plant species, specific LysM-RLKs have been implicated  

in NF perception during the RL interaction. In Medicago, Nod Factor Perception 

(MtNFP) is required for early symbiotic signaling: a complex network of cellular  

and molecular processes that control nodule organogenesis and prepare the host root  

for infection by rhizobia (Ben Amor et al., 2003; El Yahyaoui et al., 2004; Mitra et al., 

2004a; Arrighi et al., 2006). The subsequent curling of root hair cells that initiates  

the rhizobial infection requires Medicago LysM domain-containing RLK/Root Hair 

Curling (MtLYK3/HCL, from now on referred to as MtLYK3) (Catoira et al., 2001; 

Smit et al., 2007). In addition, formation of so-called infection threads (ITs) through 

which the bacteria colonize the nodule primordium requires both MtNFP and MtLYK3 
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(Limpens et al., 2003; Arrighi et al., 2006; Smit et al., 2007; Bensmihen et al., 2011), 

indicating their co-function at this step. Finally, detection of MtNFP and MtLYK3 

transcripts/promoter activity in the nodule primordium and the invasion zone  

of a mature nodule (Limpens et al., 2005; Arrighi et al., 2006; Mbengue et al., 2010; 

Haney et al., 2011) suggests a role for the encoded LysM-RLKs in nodule development 

and/or accommodation of rhizobia inside nodule cells. 

Interestingly, in contrast to MtLYK3, which shows in vitro phosphorylation 

activity, MtNFP appears to be a pseudokinase, i.e. it does not show nor rely on  

the intrinsic kinase activity to signal (Arrighi et al., 2006; Mbengue et al., 2010; Klaus-

Heisen et al., 2011; Madsen et al., 2011; Lefebvre et al., 2012). Mechanisms through 

which pseudokinases function only start to be revealed. The few functionally 

characterized examples indicate that they can interact with and activate (via allostery) 

other true kinases (Zegiraj & Aalten 2010). Alternatively, pseudokinases may function 

as scaffolding proteins, facilitating molecular interactions among different proteins with 

which they interact (Zegiraj & Aalten 2010). Likewise, the formation of a receptor 

complex between MtNFP and a yet-unidentified LysM-RLK or MtLYK3 is postulated 

to initiate the early symbiotic signaling and the infection process, respectively (Arrighi 

et al., 2006; Smit et al., 2007; Bensmihen et al., 2011). However, direct proof  

of the molecular interaction between MtNFP and any other member of the LysM-RLK 

family of Medicago (Limpens et al., 2003; Arrighi et al., 2006), is currently lacking. 

In our previous study, we obtained indications of a functional interaction 

between MtNFP and MtLYK3 in a heterologous system of Nicotiana (see Chapter 2).  

In the current study, we employed the FRET-FLIM technique to investigate a possible 

molecular interaction between these LysM-RLKs produced in Nicotiana leaf epidermal 

cells. FRET is the physical phenomenon of non-radiative transfer of energy from  
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an excited fluorophore, termed donor, to a nearby chromophore, termed acceptor.  

This can occur only if the two molecules are sufficiently close to each other (generally 

not further apart than 10 nm), and if other requirements are fulfilled (Jares-Erijman & 

Jovin 2003; Pietraszewska-Bogiel & Gadella 2010). In the FRET-FLIM, changes  

of the donor fluorescence lifetime ( ), i.e. of time the donor stays in the excited state, 

are monitored: 
 

decreases (is quenched) due to FRET and thus reports  

on the proximity of the donor and the acceptor. Because the   measurement  

is independent of the intensity of the fluorescent signal (although this parameter 

becomes of importance in samples containing multiple fluorescence species;  

see Discussion), FRET-FLIM allows robust investigation of proximity between 

molecules, and is the method of choice for interaction studies in many cell biology 

applications (Pietraszewska-Bogiel & Gadella, 2010). We aimed at investigating 

interactions between MtNFP and MtLYK3 proteins fused C-terminally to super yellow 

fluorescent protein (sYFP2; Kremers et al., 2006) or mCherry (Shaner et al., 2004) 

heterologously produced in Nicotiana leaf using frequency domain FLIM operating  

on a wide field microscopy setup (van Munster & Gadella 2004ab). The sYFP2  

and mCherry were chosen as donor and acceptor, respectively, because of the enhanced 

Förster radius of this FRET pair as compared to other pairs available at the time  

of experimental planning (Goedhart et al., 2007), and because of optimal compatibility 

with the spectral characteristics of the leaf tissue autofluorescence.  

Here, we demonstrate that the tendency of MtLYK3 and (to a lesser extent) MtNFP  

to form homomers at the PM of Nicotiana leaf epidermal cells is more pronounced  

than MtNFP tendency to heteromerize with a kinase-inactive MtLYK3 variant. Specific 

considerations for in vivo FRET studies of dynamic (plant) protein-protein interactions 

in membranes are discussed. 
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RESULTS  

 

Establishment of robust conditions for FRET-FLIM experiments in Nicotiana leaf 

Expression of all constructs in study was driven by a constitutive 35S promoter  

of the cauliflower mosaic virus (CaMV) in order to ascertain efficient production  

of the encoded protein fusions in Nicotiana leaf upon Agrobacterium-mediated transient 

transformation (Agro TT). In order to avoid too high expression levels and bystander 

FRET (FRET due to concentration effect and not due to specific protein-protein 

interaction, see below), Agrobacterium transformants carrying the respective constructs 

were infiltrated into Nicotiana leaves at low concentrations (measured as OD600),  

and care was taken to measure   only from cells with relatively low accumulation  

of both donor- and acceptor-tagged proteins. In addition,   was not measured  

in those regions of interest (ROIs) that adjoined cells displaying high accumulation  

of the donor-tagged protein (see Fig. 1 for description), as the fluorescence signal  

from the latter could dominate the measurement. Frequency-domain FLIM provides two  

independent estimates of the average : one calculated from the phase shift (  )  

and one from the demodulation ( M ) of the fluorescence relative to the excitation.  

An intensity threshold was applied post-acquisition in order to calculate   and M  

predominantly from the cell boundary region (Fig. 1), in agreement with the PM 

localization of the RLKs in study (see Chapter 2). We used the square root  

of the multiplied   and M  values (i.e. 
M  ) to characterize   in every 

sample. The apparent (see below) FRET efficiency ( appE ) was calculated as: 

D

DA
appE




1  (eq. 1) 
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where DA  is the average   measured in samples containing both donor- and acceptor-

tagged proteins (so called FRET samples) and D  is the average   measured in 

samples containing only the respective donor-tagged protein (the reference samples).  

Immediately after acquiring the images of   distribution, two images 

recording the sYFP2 and mCherry fluorescence intensity (termed donor [ID]  

and acceptor [IA] intensity, respectively) were acquired using direct excitation  

(see Experimental Procedures) (Fig. 1). The ID and IA values were calculated from the 

same region as that used to calculate the   values, and were used for quality control. 

This included check for possible artifacts in   measurement due to autofluorescence, 

unbalanced donor- to acceptor-tagged protein levels, and bystander FRET  

that was carried out as follows.  

The autofluorescence of Nicotiana leaf tissue (transformed with an empty 

vector) excited with the 514 nm wavelength displayed a short lifetime (0.77±0.09 ns  

for  , 1.66±0.09 ns for M ; n = 10). In order to analyze its effect on the measurement 

of sYFP2  , we analyzed several different leaf samples expressing only MtNFP-sYFP2 

protein fusion, in which a range of measured ID values indicated varying levels  

of accumulation of the encoded protein fusion. We noted that lower   values  

were measured in samples characterized by lower ID values (Fig. 2A). Due to relatively 

constant amount of autofluorescence in each leaf sample (data not shown), this result 

indicated that the   value decreased proportionally to the relative contribution  

of the autofluorescence in the overall recorded signal. Furthermore, the comparison  

of   values measured in samples with varying ID values demonstrated that the sheer  

contribution of the autofluorescence could yield false positive estimation of appE   

(see Fig. 2A for description). Therefore, care was taken to calculate appE  only using 
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Intensity Thresholding  

 = 2.92 ±  0.08 [ns] 

 ID = 2100 [a.u.] 

 IA = 4300 [a.u.] 

 

 

 = 3.05 ±  0.08 [ns] 

 ID = 2500 [a.u.] 

 IA= 2400 [a.u.] 

 

  

YFP intensity mCherry intensity 

  

 

Figure 1. Post-acquisition processing of images of   distribution.  

The upper left panel presents a ROI from a  distribution image of Nicotiana leaf epidermal cell producing 

MtNFP-sYFP2 protein fusion acquired on the FRET-FLIM setup. An intensity threshold (depicted as red  

and blue highlight in the upper middle panel) was applied post-acquisition in order to calculate 
   

and 
M  predominantly from the cell boundary region encompassing PM. Immediately after acquiring  

the images of   distribution, two images recording the sYFP2 fluorescence intensity ([ID], depicted  

in the lower left panel) and mCherry fluorescence intensity ([IA], depicted in the lower middle panel)  

were acquired using direct excitation. The ID and IA values were calculated from the same region as that used 

for calculating 
  and 

M . Right panel present , ID and IA values calculated from red and blue regions 

depicted in the upper middle panel. Please note that the region highlighted in blue encompasses both a part  

of the upper cell boundary (producing both donor-tagged and acceptor-tagged proteins) and a part of the lower 

cell boundary (producing high levels of donor- and low levels of acceptor-tagged protein) (as estimated  

from the ID and IA images in the lower left and middle panel, respectively). The fluorescence signal  

from the latter cell (displaying low FRET) would dominate the overall detected fluorescence signal,  

and thereby   was not measured in this ROI. 

 

D  and DA  values that were characterized by the same or comparable ID values high  

 

enough to exclude a large autofluorescence bias.  
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A 

 

B 

 

C 

 

 

Figure 2. Optimization of conditions for FRET-FLIM experiments in Nicotiana leaf. 

 

A, Estimating bias in   measurement due to autofluorescence. Agrobacterium transformants carrying  

 

MtNFP-sYFP2 construct were infiltrated at a range of concentrations into Nicotiana leaf (in adjoining circles).  

The average 
  (grey diamonds), 

M  (open diamonds), 
M   (black diamonds) present  

in the sample are plotted as a function of ID (in arbitrary units [a.u.]).  
 

Please note that the lower   values are characterized by the lower ID values, and that (in the presented 

example) the sheer effect of autofluorescence on   measurement could result in estimation of 2 (in 
M )  

to 6 (in
 ) % of 

appE  when the  values corresponding to the extreme ID values are compared. Therefore,  

if the 
DA  values calculated for a specific FRET sample were distributed within a certain range of ID values 
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(e.g. 200-400 [a. u.]), the reference 
D  value used for the estimation of 

appE  was calculated using only  

the measurements that falls within the same range of ID values.  
 

 

B, Estimating the ratio of donor- to acceptor-tagged proteins. Agrobacterium transformants carrying MtLYK3- 
 

sYFP2 construct were infiltrated separately (reference sample) or together (FRET sample)  

with Agrobacterium transformants carrying MtLYK3-mCherry construct into Nicotiana leaf. The average 
D  

(black diamonds) and 
DA  (grey triangles) present in the sample are plotted as a function of fA. Please note 

that the lower 
DA  values are characterized by the higher fA values. Only the measurements from a defined 

range of fA values (e.g. 0.5-0.6) were included in the calculation of 
appE .  

C, Estimating putative presence of bystander FRET. The 
DA  measurements for a selected range of fA values 

(here the range 0.5-0.6 was used) were plotted as a function of IA (in a.u.). to check whether the lowest 
DA

 
values do not correspond exclusively with the highest IA values. 

 
 

Secondly, the optimal FRET experiment requires the ratio of donor-tagged  

to acceptor-tagged protein not lower than 1:1; otherwise the excited state donors 

compete for acceptors. In order to evaluate the fraction of donor- to acceptor-tagged 

proteins in each sample, the relative fraction of the latter (fA) can be calculated  

by normalizing IA  to the sum of ID and IA (i.e. fA=IA/(IA+ID), yielding a dimensionless 

parameter ranging from 0 to 1. A value close to 0 reports on virtual absence  

of the acceptor-tagged protein; a value approaching 1 reports on great over-

accumulation of acceptor-tagged protein; and a value approximating 0.5 - on balanced 

production of donor- and acceptor-tagged protein fusion. To increase the sensitivity  

of FRET detection, only the samples where this fraction was equal or greater than 0.5 

were included in the calculations of appE  (Fig. 2B). The samples with insufficient 

production of acceptor-tagged protein (fA lower than 0.2) showed DA  values 

comparable with the D  value, and were regarded as an internal negative control. 

Thirdly, to exclude major artifacts due to bystander FRET caused  

by overproduction of the acceptor, the appE
 

was plotted as a function of the IA  
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for samples with comparable relative fractions of donor- to acceptor-tagged protein  

[fA value] (Fig.2C). In case of significant bystander FRET, samples with equal fA  

but high IA values will display lower DA . For the results shown below, cells displaying 

overproduction of acceptor-tagged protein giving rise to significant bystander FRET 

were discarded for further analysis. 

 

FRET measurements indicate the capacity of MtLYK3 and MtNFP to homomerize  

in the plasma membrane of Nicotiana leaf epidermal cells 

We started our FRET-FLIM analysis by investigating whether the RLKs  

in study can homomerize. To this end, the respective constructs were co-expressed  

in Nicotiana leaf via Agro TT, and   was measured 24 hours after infiltration (hai)  

or 36hai (see Experimental Procedures). The DA  values measured in leaf samples  

co-producing MtLYK3-sYFP2 and MtLYK3-mCherry constructs were significantly 

lower (on average 2.86±0.02 ns) than the reference D  
(on average 3.06±0.02 ns), 

yielding an appE = 6.3±0.8% (Fig. 3). In order to investigate whether kinase activity  

is required for homomerization, we studied the MtLYK3 [G334E] mutated variant 

(Klaus-Heisen et al., 2011 and Chapter 2). The DA  values measured in leaf samples 

co-expressing MtLYK3 [G334E]-sYFP2 and MtLYK3 [G334E]-mCherry constructs  

were significantly lower (on average 2.88±0.02 ns) than the reference D  (on average 

3.03±0.02 ns), yielding an appE = 5.1±0.8% (Fig. 3). Finally, significantly lower values 

(on average 2.90±0.02 ns) were measured in leaf samples co-expressing MtNFP-sYFP2 

and MtNFP-mCherry constructs relative to the respective reference D  (on average 

3.04±0.01 ns), yielding an appE = 4.6±0.8% (Fig. 3). 



 89 

 

Figure 3. Homomerization of MtLYK3, MtLYK3 [G334E], and MtNFP fluorescent protein fusions  

at the plasma membrane of Nicotiana leaf epidermal cells. 

Agrobacterium transformants carrying MtLYK3-sYFP2 (LYK3), MtLYK3 [G334E]-sYFP2 (LYK3 [G334E])  

or MtNFP-sYFP2 (NFP) construct were infiltrated separately (reference sample) or together with 

Agrobacterium transformants carrying the respective construct fused to mCherry (FRET sample). Columns 

present the measured   values normalized to the respective 
D  value, and the bars present standard 

deviation of the measurements (the values and st. dev. are also presented in the legend). Number of images 

analyzed (n) is given below. In the legend, the identity of donor-tagged protein is specified as first, before  

the acceptor-tagged protein.  

 

Heteromerization between kinase-inactive MtLYK3 variant and MtNFP  

in the plasma membrane of Nicotiana leaf epidermal cells is less pronounced 

Co-expression of MtNFP and MtLYK3 in Nicotiana leaf induces cell death 

(CD) within 48hai (see Chapter 2). Nevertheless, co-infiltration of Agrobacterium 

transformants carrying either MtNFP-sYFP2 or MtLYK3-mCherry construct at higher 

concentration allowed detection of both encoded protein fusions approximately  

20-24hai at the boundary of single dispersed cells (data not shown). However, before 

proceeding with   measurements, we tested whether the autofluorescence associated 

with CD could be excited with the 514 nm wavelength and detected with the emission 

window (525-556 nm) used in our experiments. To this end, leaf samples co-expressing 

untagged MtNFP and MtLYK3 constructs were imaged 24hai on the FRET-FLIM setup. 

Bright patches of autofluorescence could be detected using 514 nm excitation 
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wavelength, and displayed short   (0.76±0.07 ns for  , 1.66±0.07 ns for M , n=10). 

This indicated that autofluorescence associated with CD induced upon simultaneous 

accumulation of MtNFP and MtLYK3 must be taken into consideration during FRET-

FLIM analysis of their putative heteromerization. Therefore, leaf samples  

co-expressing MtNFP-sYFP2 and untagged MtLYK3 or MtLYK3-mCherry constructs  

were imaged concomitantly. The appE
 

calculated for leaf samples co-expressing 

MtNFP-sYFP2 and untagged MtLYK3 or MtLYK3-mCherry constructs were not 

significantly different and accounted to 5.3±1.4% and 6.2±1.2%, respectively (Fig. 4A). 

In contrast to WT MtLYK3, a kinase-inactive MtLYK3 variant carrying  

the G334E substitution does not induce CD in Nicotiana leaf in the presence of MtNFP 

(see Chapter 2). Therefore, we decided to investigate putative MtNFP and MtLYK3 

heteromerization using this MtLYK3 variant. Leaf samples (co-)producing MtLYK3 

[G334E]-sYFP2 alone or together with untagged MtNFP construct displayed 

comparable   values (see below), in agreement with the inability of this mutated 

variant to induce accumulation of blue light/UV-excited fluorescence in Nicotiana leaf 

in the presence of MtNFP (see Chapter 2). Confocal microscopy analysis of leaf 

samples co-producing MtLYK3 [G334E]-sYFP2 and MtNFP-mCherry demonstrated 

co-localization of the protein fusions at the cell boundary, in agreement with the PM 

localization of both RLKs (see Chapter 2). The DA  values measured in leaf samples 

co-expressing MtLYK3 [G334E]-sYFP2 and MtNFP-mCherry constructs  

were significantly lower (on average 2.95±0.02 ns) than D  measured in leaf samples 

co-expressing MtLYK3 [G334E]-sYFP2 and untagged MtNFP constructs or expressing 

only MtLYK3 [G334E]-sYFP2 construct (on average 3.06±0.02 ns), and accounted to 
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3.6±0.8% (Fig. 4A). The appE
 

calculated for the reciprocal protein fusions  

(i.e. MtNFP-sYFP2 and MtLYK3 [G334E]-mCherry) equaled 2.8±0.7% (Fig. 4A). 

While these two estimated appE values were within their mutual error margins,  

the estimated ratio of donor- to acceptor-tagged proteins in leaf samples co-expressing 

MtLYK3 [G334E]-sYFP2 and MtNFP-mCherry constructs was 1:3, whereas it was 1:1 

in leaf samples co-expressing MtNFP-sYFP2 and MtLYK3 [G334E]-mCherry.  

 

Treatment with NF does not seem to affect the heteromerization between MtNFP  

and kinase-inactive MtLYK3 variant 

Subsequently, we studied the effect of purified NF of S. meliloti on MtNFP  

and MtLYK3 heteromerization. To this end,   was measured in leaf samples  

co-expressing MtLYK3 [G334E]-sYFP2 and MtNFP-mCherry constructs before  

and after they were treated with purified NF of S. meliloti at 10
-7 

M or with DMSO  

(the solvent for NF) diluted to the same concentration. The DA  values measured in leaf 

samples co-expressing MtLYK3 [G334E]-sYFP2 and MtNFP-mCherry constructs  

and treated with the NF were significantly lower (on average 2.92±0.02 ns) than  

the reference D  
(on average 3.06±0.02 ns). However, the DA  measured in leaf 

samples co-expressing MtLYK3 [G334E]-sYFP2 and MtNFP-mCherry constructs that 

were treated with a control DMSO dilution were similarly low (on average 2.92±0.02 

ns). A similar decrease of   value was observedin leaf samples producing only 

MtLYK3-sYFP2 or only MtNFP-sYFP2 protein fusion and treated with the NF (data 

not shown). In addition, we noted the decrease of ID and IA values upon treatment with 

either NF or control DMSO dilution, as compared to untreated leaf samples, although 

confocal microscopy analysis did not reveal any change in the subcellular 
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A 

 

B 

 

 

Figure 4. Heteromerization of MtLYK3 [G334E] and MtNFP fluorescent protein fusions at the plasma 

membrane of Nicotiana leaf epidermal cells. 

Columns present the measured   values normalized to the respective 
D  value, and the bars present 

standard deviation of the measurements (the values and st. dev. are also presented in the legend). Number  

of images analyzed (n) is given below. In the legend, the identity of donor-tagged protein is specified as first, 

before the acceptor-tagged protein or the NF/DMSO treatment applied. 

A, Agrobacterium transformants carrying MtNFP-sYFP2 (NFP) or MtLYK3 [G334E]-sYFP2 (LYK3 

[G334E]) construct were infiltrated: separately (reference sample); together with Agrobacterium 

transformants carrying MtLYK3 untagged or MtNFP untagged construct (control sample); co-infiltrated with 

Agrobacterium transformants carrying MtLYK3 [G334E]-mCherry (LYK3) or MtNFP-mCherry (NFP) 

construct (FRET samples). 

B, Effect of S. meliloti NF. Agrobacterium transformants carrying MtLYK3 [G334E]-sYFP2 (LYK3 [G334E]) 

construct were infiltrated separately (reference sample) or together with Agrobacterium transformants 

carrying MtNFP-mCherry (NFP) construct. The   measurements were performed prior and immediately 

after the application of purified NF (at 10-7 M) or DMSO (diluted to the same concentration). 
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localization of MtLYK3 [G334E]-sYFP2 or MtNFP-mCherry protein fusion upon either 

treatment (data not shown). The FRET calculated using only the measurements 

characterized by comparable ID values accounted to appE = 4.5%±1% and 4.7±0.8% 

upon treatment with either NF or control DMSO dilution, respectively (Fig. 4B). 

Therefore, application of specific NFs did not seem to affect the extent  

of heteromerization between MtNFP and kinase-inactive variant of MtLYK3  

in Nicotiana leaf epidermal cells. 

 

Estimations of a fraction of homomerizing and heteromerizing MtNFP  

and MtLYK3 protein fusion 

As stated before, frequency-domain FLIM provides two independent estimates  

of the average  : one calculated from the phase shift (  ) and one from  

the demodulation ( M ) of the fluorescence relative to the excitation. When assuming 

monoexponential decay with lifetime D  
for an unquenched donor, the FLIM method 

will yield one estimated lifetime, i.e. DM   . However, in case of a mixed 

population of FRETting donors displaying a quenched lifetime ( DA ) and donors 

displaying unquenched lifetime ( D ), the two lifetime estimates differ due to different 

weighing of lifetimes and fractional contributions. For this dual decay situation it can be 

shown that the   and M  are given by: 
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(eq. 2 and 3) 
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where S and G are given by: 
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αD and αDA are the fractional contribution to the steady-state fluorescence intensity  

of the non-FRETting and FRETting donors, respectively, and are given by:  
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where   is the angular frequency of modulation ( f2 ; 1.75f MHz for our 

experiments); E is the FRET within a dimer; and DAf  is the fraction of FRETting 

donor molecules as compared to the total population of donor molecules (equal to  

the fraction of FRETting dimers, i.e. composed of donor- and acceptor-tagged proteins).  

Therefore, equations to calculate   and m  include the two variables: DAf  

and E, a constant D , and DA  that is equal to )1( ED  . In order to understand  

 

our results in terms of fraction of (oligo)merizing protein, we simulated every 

combination of these two variables (Fig. 5A). To simplify the calculations, we assumed 

formation of dimers rather than oligomers, and we assumed that, in case of homo- 

merization, the affinity for dimerization is identical for donor- and acceptor-tagged 
 

proteins. For simulated DAf  and E values (both can be between 0 and 1), we calculated 

corresponding S and G parameters (using eq. 4 and 5), then   
and M  (using eq. 2 

and 3), and subsequently the square root of their values, termed the apparent average 

lifetime ( app ). Finally, assuming the unquenched donor lifetime of D = 3.05 ns  

(eq. 4 and 5) 

(eq. 6 and 7) 
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(the average D  in our measurements), we calculated appE  for each combination  

of varying DAf  and E values:  

D

app

appE



1  

Therefore, by assuming the two variables ( DAf  and E) as known, we ultimately  

were able to calculate the appE  value, thus correlating it with the minimal (see below) 

fraction of FRETting dimers ( DAf ) that was required to generate this value. Plotting  

of the calculated appE  (resulting from the simulated DAf  values) as a function of E 

(Fig. 5B) showed that for each simulated DAf value, the appE  increased until it reached 

a maximum at certain E value. In addition, the same appE
 
value could be generated  

by various DAf , depending on E in a given dimers. For example, appE =0.08 (8%) 

could be obtained for DAf =1 (100%) displaying E<0.1 (<10%), as well as for lower 

DAf  values displaying E>0.1 (please, look for the intercept of appE = 0.08  

with the curves representing various simulated DAf values). However, in order to obtain 

appE = 0.08 in our example, the DAf value would have to be minimally 0.2 (please note 

that the curve for DAf <0.02 do not intercept the appE = 0.08). 

In order to estimate the minimal DAf  value required to detect a given 

appE value, we identified the maximal appE
 
values in each simulated DAf  (boxed  

in Fig. 5A), and plotted them as a function of these DAf  values (Fig. 5C). Please, note 

that at the same time the identified maximal appE
 
values could be found for higher 

DAf  values (e.g. appE = 0.4 was present in DAf = 0.4 and DAf = 0.8  

but as a maximum was marked for DAf = 0.1). In other words, we identified  

the minimal DAf  values that could generate the given (maximal) appE values, and used 

(eq. 8) 
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the resulting graph (Fig. 5C) to estimate the minimal DAf  values that were required  

to obtain the average appE  values detected in our experiments. From this graph, it could 

be estimated that in order to detect the appE = 2.8% (value calculated for MtLYK3 

[G334E] and MtNFP heteromerization), the minimal DAf  value would have to be 7%  

 

(Fig. 5C). In case of MtLYK3, MtLYK3 [G334E] and MtNFP  homomerization,  
 

the average appE
 
of 6.4%, 5% and 4.6%, respectively, resulted in estimation of at least 

 

16% of MtLYK3, 12% of MtLYK3 [G334E]-sYFP2, and 11% of MtNFP-sYFP2 

 

protein fusion present in FRETting homomers. 

 

This brings us to another notion that only in FRETting homomers display 

quenched donor lifetime values, whereas homomers composed of only donor-tagged 

proteins display an unquenched   value that is equal to D  (please, note that  

this situation does not apply to heteromers). In other words: for heterodimerization,  

the fraction of dimerized molecules ( dimf ) is equal to DAf , but for homodimerization 

DAf is lower than dimf (even in case of 100% homodimerization). In the latter 

situation, the chance of finding: a dimer composed of two donor-tagged proteins  

is proportional to
2

Df  (where Df  is the fraction of donor-tagged protein); a dimer 

composed of two donor-tagged proteins is proportional to
 

2)1( Df ; and of a FRET-

ting dimer is proportional to )1(2 DD ff   (note that these factors add up to 1).  

 

In case of 100% homodimerization, the chance of finding a donor-tagged protein  

in a FRETting dimer equals 
D

DDD

DD f
fff

ff





1

)1(22

)1(2
2

.  

Therefore, in case of homo-merization, the experimentally determined DAf  

underestimates dimf  by a factor Df1 : 

A

DA
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f
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 (eq. 9) 
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Figure 5. Estimating a fraction of protein present in FRETting dimers based on the simulation of
DAf   

and E values. 

A, DAf  and E values ranging from 0 to 1 were simulated in a matrix (on x and y axis, respectively),  

and 
app

 
was calculated for all combinations of these two variables (not shown). 

appE  was calculated using 

these 
app

 
values and 

D  value of 3.05 ns. The maximal 
appE  values for each simulated 

DAf  are boxed. 

B, 
appE  calculated for each 

DAf
 
(see the color-coded legend) was plotted as a function of E. Please note  

that a given 
appE  value can be obtained for various

DAf , depending on E in a given dimer, e.g. 
appE = 0.08 

(8%) can be obtained for all
DAf  values which curves intercept the value 0.08 on the y axis (indicated with  

a dashed line). The
DAf  values that do not intercept this line (e.g. DAf < 0.2) cannot display 

appE = 0.08. 

C, Calculated
appE  was plotted as a function of minimal

DAf  that can generate this value. The 
appE  values 

 

detected in MtLYK3 (6.4%), MtLYK3 [G334E] (5.1%), and MtNFP (4.6%) homomerization experiments,  

as well as the 
appE  value detected in MtNFP and MtLYK3 [G334E] (2.8%) heteromerization experiment  

are indicated with dashed lines.  
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As a consequence, FRETting homodimers in samples with roughly 1:1 ratio of donor- 
 

and acceptor-tagged protein ( 5.0 AD ff ) yields a dilution of the FRET signal  

by a factor of 2. This was the case in all presented MtLYK3 and MtLYK3 [G334E] 

homomerization experiment, and hence the total fraction of homodimerizing MtLYK3 

and MtLYK3 [G334E] protein fusions are twice the estimates of DAf  values,  

and account to at least 32% and at least 24% for MtLYK3 and MtLYK3 [G334E], 

respectively. In case of the MtNFP homo-merization, the analyzed samples  

were characterized by approximately 1:3 ratio of donor- to acceptor-tagged protein 

( 75.0Af ). Therefore, the total fraction of homodimerizing MtNFP protein fusion 

could be estimated as at least 15%. 

 

DISCUSSION 

 

Using FRET-FLIM, we were able to demonstrate specific homomerization  

of MtNFP and MtLYK3 fluorescent protein fusions at the PM of Nicotiana leaf 

epidermal cells (Fig. 3) that agreed with the demonstrated homomerization of their 

orthologues (Zhang et al. 2009b and refs therein) from L. japonicus, LjNFR5  

and LjNFR1 (Madsen et al., 2011), and MtLYK3/LjNFR1 homolog, CERK1, from rice 

(Oryza sativa OsCERK1; Shimizu et al., 2010), and Arabidopsis (AtCERK1; Liu et al., 

2012b). Although not directly comparable, the appE  values obtained for  

the homomerization of LysM-RLKs in study were lower than those measured in vivo  

for fluorescent protein fusions of AtBRI1 and AtSERK1 (20% and more; Russinova  

et al., 2004). However, we cannot exclude that different treatment of the effect  

of autofluorescence on   measurements (Fig. 2A) accounted, at least partially,  
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for this difference. In fact, we noted that autofluorescence (in addition to bystander 

FRET) was one of the main factor contributing to occasional measurements of low   

values, and in turn – of high appE  (data not shown). In order to calculate appE
 
value 

correctly, it was essential that both D  and DA  were characterized by the comparable 

 

ID values. At the same time, we note that this is often not characterized in published 

FRET-FLIM reports. Therefore, we propose that ID value should be included into  

the characteristic of the FRET/reference samples. In addition, we demonstrate that 

characterization of the FRET samples for IA helps to optimize FRET analysis,  

as the knowledge of both ID and IA values allows to analyze only those measurements 

with favorable donor- to acceptor-tagged proteins levels. This is similar to the recently 

reported benefits of working with controlled donor- to acceptor-tagged protein levels  

in FRET-FLIM analysis in mammalian cells (Goedhart et al., 2011). 
 

In addition, complementation of FRET-FLIM studies with estimations  

of the donor- and acceptor-tagged protein fractions present in the analyzed samples 

allowed us to gain further insights into the oligomerization of these LysM-RLKs.  

We systematically analyzed how the detected FRET signal is dependent on:  

1) the extent of FRET in a FRETting dimer (E), and 2) the fraction of FRETting dimers 

( DAf ). Assuming dimerization as the predominant mechanism of MtLYK3 homo- 

 

merization, we estimated that at least 32% of MtLYK3 protein fusion forms 

homodimers (see Fig. 5C and eq. 9). Although we cannot exclude a possibility  

of multimeric (ternary and higher) complex formation by MtLYK3,  

our assumptions are supported by the exclusively homodimer formation and lack  

of evidence for higher-order complex formations reported for AtBRI1 and AtSERK1 

(Hink et al., 2008). Reported estimations of the fraction of AtSERK1 (15%)  

and AtBRI1 (20%) homodimers present at the PM of Arabidopsis protoplasts (Shah  
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et al., 2001; Hink et al., 2008) agree with our findings on MtLYK3 homo(di)merization. 

In addition, we showed that homomerization of MtLYK3 did not depend on its kinase 

activity, and we estimated that at least 24% of MtLYK3 [G334E] protein formed 

homo(di)mers. In case of MtNFP, the lower estimated DAf value (15%) can indicate  

a lower tendency of this LysM-RLK to homomerize, as well as less favorable spatial 

orientation of donor and acceptor molecules within the formed (di)mer than that  

in the MtLYK3 or MtLYK3 [G334E] (di)mer. 

 

NF-independent interaction of MtNFP and MtLYK3 might be a result  

of their heterologous production in Nicotiana leaf 

We were not able to demonstrate a specific effect of S. meliloti NF  

on the homo-merization of the LysM-RLKs in study, as the treatment with DMSO 

dilution similarly decreased the measured  . We hypothesize that this effect might 

result from the cell response to filling in the apoplastic space with water that increases 

the local refractive index and thereby lowers the  value. Another method of NF 

application will be required to study its effect on the oligomerization of LysM-RLKs  

in study. On the other hand, the demonstrated homo(di)merization of MtNFP  

and of MtLYK3 in the absence of S. meliloti NFs is consistent with ligand-independent 

formation of receptor complexes in transient expression studies reported previously 

(Bleckmann et al., 2009), and with chitin-independent oligomerization of AtCERK1  

in vivo in a situation when its production was driven by the CaMV 35S promoter (Liu  

et al., 2012b). Alternatively, an Agrobacterium-derived signal with sufficient structural 

similarity to the postulated lipo-chitooligosaccharidic ligand of MtNFP and MtLYK3 

could trigger their homomerization.  
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Heteromerization of MtNFP and MtLYK3 might require MtLYK3 kinase activity 

Co-expression of MtNFP and MtLYK3 in Nicotiana leaves results in CD  

and enhanced tissue autofluorescence which can be excited with 514 nm wavelength 

and displays short  . Imaging MtNFP and MtLYK3 fluorescent protein fusions in cells 

undergoing death was very inefficient, and the measured   was significantly affected 

by the autofluorescence contribution. For this reason, we were not able to investigate 

heteromerization between MtNFP and WT (kinase active) MtLYK3. Unfortunately,  

all MtLYK3 mutated variants that retained its autophosphorylation activity displayed 

the ability to induce CD in Nicotiana leaf in the presence of MtNFP, whereas tested 

chemicals either had no effect or only delayed the development of CD (e.g. lanthanum 

chloride) (see Chapter 2 and 5). Instead, we took advantage of the fact that CD 

induction in Nicotiana requires the kinase activity of MtLYK3 (see Chapter 2),  

and we investigated the heteromerization between MtNFP and kinase inactive MtLYK3 

protein fusions. Assuming dimerization as the underlying mechanism, we estimated that 

in leaf samples with approximately 1:1 ratio of MtNFP-sYFP2 and MtLYK3 [G334E]-

mCherry protein fusions, at least 7% protein formed heteromers. While this value  

may be small as compared to the extent of estimated homomerization  

of these proteins, its value being larger than 0 demonstrates that MtNFP and kinase-

inactive MtLYK3 are to a certain (limited) extent within the same molecular complex  

at a distance less than 10 nm. This limited fraction may be the biological relevant 

fraction of specifically interacting molecules or it may be caused by residual bystander 

FRET (despite the fact that care was taken to exclude such samples from analysis) 

considering the low detected lifetime reduction (of only 3% being very close  

to the detection limit of the technique). Bystander FRET should especially  

be considered in a situation when donor- and acceptor-tagged proteins are concentrated 
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to the same subcellular localization, such as a 2-dimensional membrane plane. 

Therefore, the occurrence of bystander FRET should be taken into consideration, 

especially with techniques that lock the transiently interacting proteins  

in persistent complexes, such as BiFluorescence Complementation (BiFC) assay. 

However, other explanations for the relatively low heteromerization tendency of MtNFP 

and MtLYK3 [G334E] proteins are as likely.  

First of all, in a situation of pronounced homomerization of MtLYK3 [G334E]  

and MtNFP, there will be a significant dilution of FRET signal from the smaller fraction  

of heteromerized donor-tagged protein. Our finding of less pronounced 

heteromerization between MtNFP and MtLYK3 [G334E] at the PM of Nicotiana leaf 

epidermal cells agrees with the findings of Madsen et al. (2011) on the oligomerization 

potential of LjNFR5 and LjNFR1 that are postulated to form receptor complex in order 

to transduce NF signal (Radutoiu et al., 2003, 2007; Miwa et al., 2006b; Høgslund  

et al., 2009; Nakagawa et al., 2010). Using BiFC in Nicotiana transient expression 

system, LjNFR1 and LjNFR5 fusions were demonstrated to form homomers, whereas 

co-production of LjNFR1 and LjNFR5 proteins fused to different parts of the split YFP 

did not result in complementation of YFP fluorescence (reporting on the lack of 

heteromerization between these LysM-RLKs). Both our relatively low heteromerization 

potential of MtNFP and kinase-inactive MtLYK3, and the negative result of Madsen  

et al. (2011) could be explained by the pronounced homomerization of the proteins  

(in the latter case causing sequestration of the protein in homomers with relatively little 

split FP fusions left to complement the YFP fluorescence at a level sufficient enough  

for detection). Another method capable of differentiating between the homomers  

and heteromers would be better suited for the analysis of such complex samples.  
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Alternatively, it cannot be excluded that the MtLYK3/LjNFR1 kinase activity 

is required for interaction with MtNFP/LjNFR5, similarly to the phosphorylation-

dependent heteromerization reported for AtBRI1 and AtBAK1 (Li et al., 2002; Wang  

et al., 2008; Schulze et al., 2010; Schwessinger et al., 2011). In addition, as both 

MtLYK3 and LjNFR1 have been shown to interact with PM-associated remorin 

proteins (Lefebvre et al., 2010; Tóth et al., 2010), it is possible that these proteins 

engage in the formation of multiprotein complexes including their presumed interacting 

partner, MtNFP/LjNFR5. In such a putative multiprotein complex, MtNFP/LjNFR5  

and MtLYK3/LjNFR1 might interact via discrete surface regions, and the C-terminally 

fused sYFP2 and mCherry molecules might be separated or forced in an unfavorable 

orientation for FRET by other proteins present in the complex. 

In conclusion, our results indicate that MtLYK3 forms homomers at the PM  

of a plant cell, which is in agreement with the oligomerization status of other plant 

RLKs. Analogously, homomerization of MtLYK3 might be required for activating  

of its KD via trans-phosphorylation. On the other hand, heteromerization of MtLYK3 

and MtNFP might require kinase activity of the former protein or might occur  

in a multiprotein complex. 
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EXPERIMENTAL PROCEDURES 

 

Plant transformations 

pBin+ CaMV 35Sp::MtNFP-sYFP2 or -mCherry, pCambia1390 CaMV 35Sp::MtLYK3-sYFP2  

or -mCherry, and pCambia1390 CaMV 35Sp::MtLYK3 [G334E]-sYFP2 or -mCherry constructs are described 

in Chapter 2. Transformation of Agrobacterium tumefaciens strain GV3101::pMP90 and Agrobacterium 

infiltration of N. benthamiana leaf is described in Chapter 2. Agrobacterium transformants carrying  

the respective construct were resuspended in the infiltration medium to desired OD600: MtNFP constructs - 

OD600= between 0.1 and 0.3; WT MtLYK3 and MtLYK3 [G334E] constructs- OD600=between 0.5 and 0.7. 

Subsequently, Agrobacterium transformants carrying a desired construct fused to sYFP2 were mixed 1:1 with 

Agrobacterium transformants carrying an empty pCambia1390 vector (for the reference sample) or a desired 

construct fused to mCherry (for the FRET sample) before being infiltrated into Nicotiana leaf. FRET-FLIM 

analyses in leaf samples (co-)expressing MtNFP-sYFP2 and MtNFP–mCherry constructs or MtLYK3 

[G334E]-sYFP2 and MtNFP–mCherry constructs were performed not sooner than 36hai; in those  

(co-)expressing WT MtLYK3 or MtLYK3 [G334E] constructs - between 24-36hai. 

 

FRET-FLIM imaging and data analysis 

The images of   distribution were obtained using a laser 514 nm excitation and 542/27  

and 525LP nm emission filters. The images of ID were obtained using Argon 500/20 nm excitation,  

and 593/40 nm emission filters. During each FRET-FLIM experiment, at least 10 independent  


 
images were acquired, and each FRET experiment was repeated at least twice (generally three repetitions 

were performed). During each FRET experiment, exposition times for the reference and FRET samples  

were kept constant or similar, and generally were 100-200 ms per a 
 
image. Measurements of leaf tissue 

autofluorescence (in the presence or absence of CD) required longer exposition times, approximately 300 ms 

per a 
 
image. Post-acquisition, an intensity threshold was applied to each region of interest in order to 

calculate 4 individual values:  , M , ID, and IA. The difference in the excitation and sensitivity of sYFP2 

and mCherry detection of the FRET-FLIM microscopy set-up was calibrated using 2µM purified sYFP2  

and 2µM purified mCherry proteins in 20mM Tris-HCl (pH 8, 1mM EDTA) buffer. From the intensity images 

of purified sYFP2 protein or Tris-HCl buffer we calculated that the leak-through of the YFP emission  

into mCherry detection channel (using Argon lamp and 500/20 nm excitation and 593/40 nm emission filters) 

accounted to approx. 6.5%. Therefore, IA corrected = IA apparent -0,065*ID apparent. From the intensity 
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images of 1:1 molar mixture of purified sYFP2 and mCherry we calculated that the ID apparent normalized  

to the IA corrected equaled 0.5. Therefore, ID corrected = 2*ID apparent.  


