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ABSTRACT 

The SNAP protein is a widely used self-labeling tag that can be used for tracking protein 

localization and trafficking in living systems. A model system providing controlled alignment of 

SNAP-tag units can provide a new way to study clustering of fusion proteins. In this work, 

fluorescent SNAP-PNA conjugates were controllably assembled on DNA frameworks forming 

dimers, trimers, and tetramers. Modification of peptide nucleic acid (PNA) with the O6-benzyl 

guanine (BG) group allowed the generation of site-selective covalent links between PNA and 

the SNAP protein.  The modified BG-PNAs were labeled with fluorescent Atto dyes and 

subsequently chemo-selectively conjugated to SNAP protein. Efficient assembly into dimer and 

oligomer forms was verified via size exclusion chromatography (SEC), electrophoresis (SDS-

PAGE), and fluorescence spectroscopy. DNA directed assembly of homo- and hetero-dimers of 

SNAP-PNA constructs induced homo- and hetero-FRET, respectively. Longer DNA scaffolds 

controllably aligned similar fluorescent SNAP-PNA constructs into higher oligomers exhibiting 

homo-FRET. The combined SEC and homo-FRET studies indicated the 1:1 and saturated 

assemblies of SNAP-PNA-fluorophore:DNA formed preferentially in this system. This suggested 

a kinetic/stoichiometric model of assembly rather than binomially distributed products. These 

BG-PNA-fluorophore building blocks allow facile introduction of fluorophores and/or assembly 

directing moieties onto any protein containing SNAP. Template directed assembly of PNA 

modified SNAP proteins may be used to investigate clustering behavior both with and without 

fluorescent labels which may find use in the study of assembly processes in cells.  

 

  



INTRODUCTION 

Studying inducible aggregation such as that occurring in cell membrane proteins requires a 

model system featuring controlled assembly.  Biological macromolecules such as DNA and 

proteins are currently being studied as building blocks of self-assembled nanoarchitectures due 

to their size and unique recognition capabilities.1 Furthermore, self-assembled DNA-protein 

conjugates can be used as template controlled systems for spatially arraying other molecules 

with increased relative accuracy and programmability.1-5 The programmable hybridization of 

nucleic acid provides a framework to design nanoscale assemblies.6-15  

Peptide nucleic acid (PNA) provides excellent control properties over a self-assembled system 

including better stability than DNA duplexes, even for short sequences, and higher mismatch 

sensitivity. Moreover, its neutral net charge allows for tuning the structural and electrostatic 

characteristics through using other amino acids instead of glycine.  Modification with other 

amino acids is easily accessible through synthesis or conjugation methods and should allow 

good control over the dynamics of assembly.7, 16 The unique properties of PNA gave good 

results for programmable assembly of nanoparticles4, 17 which potentially can be extended to 

clustering of other molecules such as proteins.  

PNA tagged-encoding technology has been used to assemble libraries of small molecules,18, 19 

carbohydrates, 20 peptides,21-23 and protein fragments24, 25 into organized microarrays through 

hybridization to DNA.  Due to the compatibility with standard peptide chemistry, PNA is the 

only oligonucleotide tag which can be co-synthesized with small molecules by solid phase 

synthesis. It allows PNA-encoded libraries synthesized by the split- and -mix method to be 

decoded in one step. 26, 27 

Recently, the self-assembly of PNA- α HER2 antibody Fab fragments conjugated into 

homodimer, heterodimer, and higher order multimers of defined composition, valency and 

controlled geometry were reported. The tetrameric assembly showed enhanced activity in 



comparison with parent monocolonal antibody. Site specific modification of the antibody using 

a genetically encoded unnatural amino acid allowed precise control of PNA-antibody 

conjugation. 9, 25, 28 

The oligomeric self-assembly of PNA-tagged carbohydrates with controlled topology has also 

been reported. 20, 29 Scheibe and Seitz used the hybridization of PNA-sugar conjugates with 

complementary DNA as a powerful tool to create a well-defined spatial arrangement of 

carbohydrates which can be applied for precise spatial screening of carbohydrate-lectin 

interactions. 30-33 

Site-specific labeling of protein with synthetic molecules such as PNA can provide an intriguing 

and versatile tool to study the function and structure of proteins and their behavior in 

clustering forms.  The non-invasive imaging of the dynamics of proteins in living systems can be 

obtained by fusion of proteins of interest with protein or peptide tags as a means for 

subsequent attachment of a fluorophore or other biophysical probes.34, 35 

Self-labeling protein tags such as the SNAP protein provide high specificity and selectivity.35 

Furthermore, a wide range of colors with unique photophysical properties can be obtained by 

subsequent modification of self-labeling tags with organic fluorophores which make them a 

great method to localize and study fusion protein behavior in living systems.36-38  

The SNAP tag is a 19-20 kDa self-labeling tag which was developed by mutation of the DNA 

repair protein O6-alkylguanine-DNA alkyltransferase (AGT). The labeling of a SNAP-tag is based 

on the specific reaction of benzylguanine (BG) derivatives with a reactive cysteine residue of 

AGT leading to the irreversible formation of a covalent bond.37-45  BG derivatives can be 

generated via a range of conjugation procedures allowing specific labeling to a wide variety of 

molecules including PNA (Scheme 1) and the ligand attached to BG does not have an impact on 

the rate of reaction between SNAP and the BG derivative.38, 46-48 



SNAP-tag labeling has been used extensively in in vitro and in vivo experiments. Examples 

include:  localization and trafficking of a fusion protein in the cell membrane, labeling of 

antibody fragments, designing fluorescent biosensors, controlling yeast transcription and 

visualization of metabolite signaling.49-56 

 

 

Scheme 1: Coupling of BG-PNA-Atto dyes to the SNAP protein to produce a thioether bond between cysteine of 

SNAP and benzyl linker of modified construct.  

In our previous work, a well-defined system for studying controlled protein assembly based on 

fluorescent protein-PNA conjugates demonstrated control over the exact composition and 

structure of an inducibly assembled system following addition of a DNA template.5 Moreover, it 

allowed fundamental insights into the behaviour of proteins in self-assembled architectures by 

observing the photophysical behaviour of assembled FPs.57 Here, the combination of the 

unique recognition characteristics of PNA with the wide application of SNAP tag has been used 



to provide versatile, well-defined units to create programmed self-assembled protein systems. 

The induced assembly by DNA templates has been studied through fluorescence resonance 

energy transfer (FRET) techniques.  Four DNA scaffolds were used as frameworks to create 

dimeric and oligomeric forms (Scheme 2) creating hetero dimers and a range of homo-

oligomers exhibiting FRET which was verified with fluorescence spectroscopy.  

  

  

Scheme 2: Assembly of SNAP-PNA1-fluorophore constructs into dimeric and higher oligomeric forms. a) Assembly 

of two SNAP-PNA1-Atto488 constructs into a homo-dimer (DNA1-dimer), b) assembly of SNAP-PNA2-Atto532 and 

SNAP-PNA1-Atto488 into a hetero-dimer (DNA2-dimer), c) assembly of three SNAP-PNA1-Atto488 constructs into a 

trimeric form (DNA3-trimer) and d) assembly of four SNAP-PNA1-Atto488 molecules into a tetramer (DNA4-

tetramer). 

 

RESULTS AND DISCUSSION 

Synthesis of BG-PNA-fluorophore conjugates 

a: Homo-dimer 

b: Hetero-dimer 

 c: Trimer 

d: Tetramer 



Fluorescent SNAP-PNA conjugates were prepared by coupling of PNA to an O6-benzylguanine 

(BG) derivative and subsequently labeling with Atto dyes. This allows the SNAP protein to react 

specifically with the BG group attached to a fluorescent PNA. After transferring the benzyl 

group of the BG to the cysteine residue in the active site of the SNAP, the fluorescent PNA is 

covalently conjugated to the SNAP. This gives a handle for directed assembly and allows 

visualization of the protein. 

The maleimide derivative of BG underwent reaction with the thiol group of cysteine at the N-

terminus of the PNA1 and PNA2 sequences forming stable thioether bonds58 in the presence of 

TCEP at 4°C overnight at pH 7.2.  

The production of BG-PNA conjugates was assessed by MALDI-TOF MS and reverse phase HPLC 

(RP-HPLC). Mass spectrometry of conjugates showed peaks at 2492 Da (calculated: 2494 Da) 

and 2514 Da (calculated: 2516) related to BG-PNA1 and BG-PNA2, respectively. The RP-HPLC 

showed that the peak related to PNA1 at 24.32 min completely disappeared after conjugation 

to BG-maleimide, indicating efficient conversion to BG-PNA1. The data showed peaks at 23.83 

min for both BG-PNA1 and BG-PNA2.  

The BG-PNAs were subsequently labeled with fluorescent dyes. Due to their high photostability 

and brightness, Atto dyes (Atto488 ex: 501nm and em: 523nm and Atto532 ex: 532nm and 

em: 553nm) were chosen to label the BG-PNA conjugates. Labeling targeted the primary amine 

group of a C-terminal lysine on PNA with NHS-esters of the Atto dyes. The reaction with NHS-

ester derivatives were performed in pH 7.2 phosphate buffer at room temperature for 1 hour in 

the dark. The RP-HPLC data showed single peaks for the Atto488 derivative (23.8 min) when 

monitoring at 501 nm and the Atto532 (23.7 min) derivative at 532 nm. Mass spectral analysis 

of the products revealed peaks at 3066 Da (calculated: 3065 Da) and 3147 Da (calculated: 3148 

Da) indicating production of BG-PNA1-Atto488 and BG-PNA2-Atto532 with good conversion of 

unlabeled BG-PNA1 and BG-PNA2 to BG-PNA1-Atto488 and BG-PNA2-Atto532 conjugates, 

respectively. 



Coupling of BG-PNA-fluorophore to SNAP protein 

The coupling of BG-PNA-Atto constructs to SNAP was performed by mixing two equivalents of 

the modified PNA1-BG-Atto488 and PNA2-BG-Atto532 constructs with one equivalent SNAP in 

phosphate buffer pH 7.4 after 2hrs incubation in dark at 37°C. The reaction proceeded by 

producing a thioether bond between the Cysteine residue of SNAP and the benzyl linker of the 

modified constructs (Scheme 1). The final products were purified subsequently by dialysis to 

remove unreacted compounds.  

Mass spectrometry confirmed the production of SNAP-PNA1-Atto488 and SNAP-PNA2-Atto532 

conjugates at 22900 kDa (calculated: 22896 kDa) and 22980 kDa (calculated: 22976 kDa), 

respectively. SDS-PAGE of SNAP-PNA-Atto dye conjugates exhibited a single band at 23 kDa 

indicating complete conversion of SNAP protein to the conjugated forms (Fig 1) and SEC-HPLC 

yielded peaks eluting at the same time (9.4 min) for both the SNAP-PNA-Atto488 and the SNAP-

PNA-Atto532 conjugates. The SEC-HPLC data also showed that using a higher ratio of construct 

to SNAP and longer incubation time did not have strong effects on conjugation, however,  

performing the reaction at room temperature decreased the coupling efficiency by about 80%. 

 

Figure 1: SDS PAGE results for SNAP-PNA-Atto conjugates. The bands related to purified SNAP, SNAP-PNA-Atto488, 

and SNAP-PNA-Atto532 conjugate at 20, 23, and 23 kDa, respectively. 

 

Assembly of fluorescent SNAP-PNA in dimer and higher oligomer forms 
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The DNA1 and DNA2 sequences contained two complementary sections engineered to 

assemble SNAP-PNA1-Atto488 into homo-dimers and SNAP-PNA1-Atto488 and SNAP-PNA2-

Atto532 into hetero-dimers, respectively (Schemes 2a and 2b). DNA3 and DNA4 were designed 

to demonstrate assembly of higher oligomers and consisted of three and four complementary 

parts for SNAP-PNA1-Atto488, respectively (Scheme2c and 2d). 

SDS-PAGE analysis was carried out after 5 min heating of each sample at 90°C. Heating resulted 

in melting of  PNA:DNA assemblies followed by partial reassembly of units. In the case of a 2:1 

ratio of SNAP-PNA1-Atto 488: DNA1, three distinct bands were observed (23, 27 and 50 kDa) 

corresponding to  SNAP-PNA1-Atto488 (monomer), monomer:DNA1 and dimer:DNA1, 

respectively. Similarly, mixing a 1:1:1 ratio of SNAP-PNA1-Atto488:SNAP-PNA2-Atto532:DNA2 

resulted in the same three bands (23, 27 and 50 kDa) related to SNAP-PNA1-Atto488 and SNAP-

PNA2-Atto532 (both as monomer), monomer:DNA2 and dimer:DNA2 of both SNAP-PNA1-

Atto488 and SNAP-PNA2-Atto532 hybridized to DNA2 (Fig 2). 

Under the same conditions, a 3:1 ratio of SNAP-PNA1-Atto488:DNA3 produced four distinct 

bands (23, 31, 54 and 77 kDa) which were assigned to SNAP-PNA1-Atto488 (monomer), 

monomer:DNA3, dimer:DNA3 and trimer:DNA3, respectively. Kinetic effects on assembly as 

might be expected from Scheme 1, are indicated by the band corresponding to  dimer:DNA3 

having relatively less intensity than other bands. A 4:1 ratio of SNAP-PNA1-Atto488:DNA4 

resulted in five bands (23, 34, 57, 80,103 kDa) corresponding to SNAP-PNA1-Atto488 

(monomer), monomer:DNA4, dimer:DNA4, trimer:DNA4 and tetramer:DNA4, respectively (Fig 

3). The tetrameric system did not show clear signs of kinetic effects in the gel, however, there 

was evidence of this in the anisotropy data (c.f. lower panel of Figure 5 below). 

 



 

 

Figure 2: SDS-PAGE results for SNAP-PNA-Atto monomers assembled in dimers and oligomers using different DNA 

templates (column A-D). Column A) Standard protein ladder. Column B) tetramer formation,  4:1 ratio of SNAP-

PNA1-Atto488:DNA4 showed five bands at 23, 34, 57, 80, and 103 kDa respectively related to SNAP-PNA1-Atto488 

monomer or Mono1, monomer:DNA4 (Mono1:DNA4), dimer:DNA4 (Di:DNA4), trimer:DNA4 (Tri:DNA4) and 

tetramer:DNA4 (Tetra:DNA4). Column C) trimer formation, 3:1 ratio of SNAP-PNA1-Atto488:DNA3 showed 4 bands 

at 23, 31, 54, and 77 kDa respectively related to SNAP-PNA1-Atto 488 monomer or Mono1, monomer:DNA3 

(Mono1:DNA3), dimer:DNA3 (Di:DNA3) and trimer:DNA3 (Tri:DNA3). Column D) hetero-dimer formation, 1:1:1 

ratio of SNAP-PNA1-Atto488:SNAP-PNA3-Atto532:DNA2 showed 3 bands at 23, 27, and 50 kDa respectively related 

to both monomers of  SNAP-PNA1-Atto488 and SNAP-PNA3-Atto532 (Mono1 and Mono2), monomer:DNA2 

(Mono1:DNA2 and Mono2:DNA2) and dimer:DNA2 (Mono1:Mono2:DNA2) consists of both SNAP-PNA1-Atto488 

and SNAP-PNA3-Atto532 hybridized to DNA2. Column E) homo-dimer formation, 2:1 ratio of SNAP-PNA1-

Atto488:DNA1 resulted in 3 bands: 23, 27 and 50 kDa bands respectively related to SNAP-PNA1-Atto488 monomer 

or Mono1, monomer:DNA1 (Mono1:DNA1), and dimer:DNA1 (Di:DNA1).  

 

SEC-HPLC of a solution containing a 2:1 ratio of SNAP-PNA1-Atto488:DNA1 indicated a new 

peak at 8.6 min when observed at 214 nm and 501 nm which was attributed to the efficient 
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assembly of the homo-dimer on the DNA1 scaffold (Fig 3). Similarly,  when SNAP-PNA1-Atto488 

and SNAP-PNA3-Atto532 were assembled as a hetero-dimer on the DNA2 scaffold a new peak 

appeared at 8.6 min at 501 nm (Atto 488) and at 532 nm (Atto 532). A titration of DNA1 with an 

increasing amount of SNAP-PNA1-Atto488 indicated a gradual decrease of the peak related to 

free SNAP-PNA1-Atto488 monomer which reached zero at 2:1 ratio of SNAP-PNA1-Atto488 to 

DNA1 while the peak related to DNA1:dimer reached its highest, showing the complete 

conversion of monomer units to template assembled dimers.  

The solutions featuring 3:1 SNAP-PNA1-Atto488:DNA3 and 4:1 ratios of SNAP-PNA1-

Atto488:DNA4 showed additional peaks at 8.16 min (timer) and 7.79 min (tetramer) at both 501 

nm and 214 nm wavelengths. The peaks indicated assembly in trimer form on DNA3 scaffold 

and tetramer form on DNA4 scaffold (Fig 3). Titrations of these solutions with an increasing 

amount of SNAP-PNA1-Atto488 showed a gradual decrease of the monomer peak which 

eventually reached zero at 3:1 (SNAP-PNA1-Atto488:DNA3) and 4:1 (SNAP-PNA1-

Atto488:DNA4) ratios, while both peaks of trimer:DNA3 and tetramer:DNA4 reached their 

maximum. This behaviour was attributed to the efficient formation of trimer and tetramer 

assemblies.  



 

 

Figure 3: SEC–HPLC chromatograms of monomer units and stoichiometric assemblies on DNA1, DNA2, DNA3, and 

DNA4 (top panel) and during titration of monomer units with DNA3 (bottom panel). Forms eluted at 9.4 min 

(SNAP-PNA1-Atto488 monomer),  8.6 min (homo-dimer of SNAP-PNA1-Atto488:DNA1 and hetero-dimer of SNAP-

PNA1-Atto488:SNAP-PNA3-Atto532:DNA2),  8.2 min (trimer of SNAP-PNA1-Atto488:DNA3) and 7.8 min (tetramer 

of SNAP-PNA1-Atto488:DNA4). During titration of SNAP-PNA1-Atto488 with DNA3 the elution times were 
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unchanged. The observed distribution of products (solid lines in lower panel) did not match the distribution 

expected from the binomail distribution for either 33% (dotted line) or 66% (dashed line) saturation of sites on the 

DNA3 template. In both cases, there was an under-representation of the dimeric product relative to those 

expected based on the binomial distribution. All the chromatograms obtained at maximum absorption wavelength 

of Atto488 at 501 nm, except for the heterodimer assembled on DNA2 which was at maximum absorption of 

Atto532 at 532 nm.  

 

SEC-HPLC analysis of the distribution of products during titration of the DNA3 systems did not 

follow predictions based on the binomial distribution (Fig 3, bottom panel). Specifically, the 

products of the reaction favoured products containing a single SNAP-PNA construct and the 

saturated constructs. This suggested that reaction of the 1:1 SNAP-PNA:DNA species was rate 

limiting. Similar results were seen for the tetrameric assembly on DNA4. 

Photophysical studies of fluorescent SNAP-PNA assemblies 

Hetero-FRET system  

To study the effects of template directed assembly on the fluorescent properties of the SNAP-

PNA molecules, DNA2 template (5'-TGCATGGATCGTTACT-3') was used as a framework to make 

hetero-dimers. The DNA2 template consisted of sequences directing a 1:1 assembly of  SNAP-

PNA1-Atto488 and SNAP-PNA2-Atto532 separated by a distance of approximately 3.7 nm  

which is ~0.57 of the Förster distance for this energy transfer pair (R0 = 6.4 nm) (Scheme 2b). 

This intensity of a solution containing a 1:1 ratio of SNAP-PNA1-Atto488:DNA2 exhibited 

fluorescence characteristic of Atto488 when excited at 501 nm. Addition of SNAP-PNA2-

Atto532 to form a 1:1:1 assembly of SNAP-PNA1-Atto488:SNAP-PNA20Atto532:DNA2 resulted 

in a reduction in Atto488 (donor) fluorescence and sensitized emission of Atto532 (acceptor) 

reaching a maximum at 553 nm (Fig 4).  The average FRET efficiency of a set of four replicates of 

the 1:1:1 assembly was 93±2 percent which confirmed the efficient assembly of two monomer 



units separated by approximately 4.1 nm (0.64 R0) with efficient energy transfer between donor 

and acceptor. 

 

Figure 4: Uncorrected emission spectra of SNAP-PNA1-Atto 488 when excited at 501 nm in the presence () and 

absence () of acceptor. The emission intensity of SNAP-PNA1-Atto 488 decreased after addition of an equimolar 

ratio of the acceptor (SNAP-PNA3-Atto532).  

 

The estimated distance based on FRET (4.1±0.2 nm) was within 2 std. dev. of the computed 

distance (3.7 nm).  The 3.7 nm estimate of the distance between Atto488 and Atto532 in the 

dimer assembly was based on summation of the lengths of the 4 bases in a GATC gap 

engineered between the complementary regions for PNA1 and PNA2, 6 PNA-DNA base pairs 

and a lysine residue.59 This accounted for the GATC gap and the structure of PNA-DNA double 

helices which have 16 base pairs per turn with a 28° twist and 3.3 angstrom rise.60  This distance 

(3.7 nm) also assumes the two fluorophores in the 1:1:1 assembly are on the same side of the 
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assembly.  These considerations indicate excellent agreement between the FRET and computed 

distances and efficient formation of the hetero-transfer assembly.  

Homo-FRET system 

Anisotropy measurement of Homo-FRET system indicating the assembly in 

dimer and higher oligomer forms 

A range of stoichiometries between DNA1, DNA3, and DNA4 were generated by  varying the 

concentration of DNA (0 to 1 μM) in the presence of 1 μM SNAP-PNA1-Atto488 in order to 

study anisotropy changes upon assembly. In comparison to the measured anisotropy for SNAP-

PNA1-Atto488 (monomer) (0.237±0.002), the maximum anisotropy observed for each system 

was at 1:1 stoichiometry of DNA:monomer. The measured anisotropies of 1:1 stoichiometries 

for DNA1: SNAP-PNA1-Atto488, DNA3: SNAP-PNA1-Atto488, and DNA4: SNAP-PNA1-Atto488 

were 0.26±0.01, 0.27±0.01, and 0.28±0.03 respectively, which is in accord with a slight increase 

of rotational correlation time of the larger assemblies.  

The anisotropy decreased as the complementary DNA became saturated with the PNA 

construct confirming assemblies exhibiting homo-FRET. Titration of SNAP-PNA1-Atto488 with 

DNA1 resulted in a gradual decrease of anisotropy compared to DNA1:monomer which reached 

a minimum of 48% of the initial value  at a 2:1 ratio of SNAP-PNA1-Atto488:DNA1. Since the 

distance between two complementary parts for SNAP-PNA1-Atto488 constructs on the DNA1 

scaffold is less than the 0.8 R0 for Atto488 in homo-transfer (R0 = 5 nm), eqn 1 predicts 50% 

depolarization which is very close to the measured decrease and in accordance with the hetero-

FRET assembly. 

In template directed oligomer formation via DNA3, the anisotropy decreased by 62% at a 3:1 

ratio of SNAP-PNA1-Atto488 to DNA3 (Fig 5, top panel). This value is close to the 66% decrease 

predicted by eqn 4 with any discrepancy attributable to variation in the overall size of the 

complex. Eqn 4 assumes there is no significant mass change that would affect the rotational 



correlation time. However, the mass of a 3:1 assembly will be higher than either free SNAP-

PNA1-Atto488 or a 1:1 stoichiometry of SNAP-PNA1-Atto488:DNA3.   

Similarly, the lowest anisotropy measured for tetrameric assemblies on DNA scaffolds 

(0.086±0.004) was from the solution with a 4:1 ratio of SNAP-PNA-Atto488:DNA4 (Fig 5, bottom 

panel). This solution showed a 69% anisotropy decrease which is slightly less than predicted 

75% (eqn 4). As with the 3:1 mixture, the discrepancy is likely due to the increase in mass in the 

4:1 assembly relative to free SNAP-PNA1-Atto488 or 1:1 SNAP-PNA1-Atto488:DNA4.   

In contrast to earlier work on a similar mTFP system,5, 57 none of the assemblies showed signs of 

quenching indicating the Atto488 dye satisfies the equal fluorescence efficiency assumption61, 62 

in these assemblies. However, based on the SEC-HPLC results a stochastic model57, 61, 62 was not 

warranted and a kinetic/stoichiometric model based on the considerations of scheme 3 applied 

(Fig 5). In prior work on mTFP,57 an adjustment was needed to account for reduced energy 

transfer between non-adjacent fluorophores which was not required here. This suggests that 

the SNAP-atto488 constructs have near ideal photophysics and the BG-constructs allow 

convenient labelling of proteins expressing the SNAP sequence as illustrated by the template 

directed assembly.  



 

 

Figure 5: Anisotropy changes due to homo-FRET during titrations of  SNAP-PNA-Atto488 with the DNA3 (upper 

panel) and DNA4 (lower panel) templates. The panels show the titration of 1 µM SNAP-PNA1-Atto488  with (0-1 

µM) DNA3 and DNA4. The solid lines represent a kinetic/stoichiometric model (as opposed to stochastic models 

commonly applied in the literature) in which only the 1:1 and either the 3:1 (DNA3) or the 4:1 (DNA4) are present. 

Error bars are based on the standard deviations from two replicate measurements. In this model the regions from 

0

0.1

0.2

0.3

0 0.2 0.4 0.6 0.8 1

F
lu

o
re

s
c

e
n

c
e

 A
n

is
o

tr
o

p
y

DNA Concentration (mM)

(a)

(b)

(c)

0

0.1

0.2

0.3

0 0.2 0.4 0.6 0.8 1

F
lu

o
re

s
c

e
n

c
e

 A
n

is
o

tr
o

p
y

DNA Concentration (mM)

(a)

(b)

(c)



(a) to (b) consist of only the free SNAP-PNA-Atto488 and the saturated form (e.g.: 3:1 for DNA3 and 4:1 for DNA4) 

and the regions from (b) to (c) only include the 1:1 and the saturated form with all templates forming the 1:1 

product before proceeding to saturation (see scheme 1).  

 

Conclusion 

In summary, controllable assembly of fluorescent SNAP-PNA conjugates on DNA frameworks 

has demonstrated. Taking advantage of the unique recognition capability of PNA for 

complementary DNA scaffolds, the fluorescent SNAP-PNA units were precisely assembled in 

dimer and higher oligomer forms. The assemblies were characterised by HPLC, SDS-PAGE and 

fluorescent techniques. Assemblies exhibiting either homo-FRET or hetero-FRET were created 

using DNA scaffolds and distinct bands observed in SEC-HPLC and SDS-PAGE for both 

intermediates and completed assemblies. Measurements of the anisotropy of homo-dimer and 

other homo-oligomers confirmed homo-FRET in the assemblies and in combination with SEC-

HPLC suggested that a kinetic/stoichiometric rather than a stochastic model dominated the 

formation of these assemblies. It is anticipated that fluorescent and non-fluorescent SNAP-PNA 

will provide a useful tool to study hetero- and homo-oligomerization of any SNAP tagged 

protein of interest either in vitro or in vivo. The ability to confirm assembly using FRET methods 

and potentially infer mechanistic aspects of assembly (stochastic vs. kinetic/stoichiometric) 

should be especially valuable. Overall, the SNAP-PNA-fluorophore system presents a simple 

method to create arbitrary assemblies of any SNAP-enabled proteins in combination with 

homo-FRET, hetero-FRET, and multifluorophore-FRET. 

Fluorescently labeled SNAP-tags have been widely used as markers for visualization of cell 

membrane protein clusters using FRET combined with fluorescence microscopy (add 

references).46, 63 These systems for template directed assembly were designed to investigate 

the assembly of cell membrane proteins (e.g. EGFR cluster formation and activation) by gaining 

external control of clustering in terms of size (dimer, trimer etc.) and compositions (homo- and 

hetero-aggregates). Although they have been tested with fluorophores attached, these are not 



a requirement. The template directed assembly of labelled and unlabelled clusters of known 

size and composition applied in vivo may provide new insights into the mechanism of cell 

membrane protein activation via clustering, leading to new  methods for regulation of signaling 

pathways which rely on biophysical and chemical inputs. 

EXPERIMENTAL PROCEDURE 

BG-PNA-Atto dye conjugation 

The conjugation of BG-PNA was run on a 500 µl scale using 1.5-fold excess of BG-maleimide 

(150µM) (New England Biolabs, USA). The conjugation solution was 100 µM of PNA1 (Cys-O-

ACGTAC-Lys) or PNA2 (Cys-O-CAATGA-Lys) (PANAGENE, USA) in 500 µl PBS buffer pH 7.2, 

150µM freshly prepared BG-maleimide, and 1mM of TCEP (sigma-Alderich) as a reducing agent. 

The mixture was incubated overnight at 4◦C. To achieve BG-PNA-Atto dyes, the coupling 

reactions were carried out by adding approximately 10 equivalents of freshly prepared 

solutions of Atto488-NHS-ester and Atto532-NHS-ester (1mM) (ATTO-TEC GmbH, Germany) to 

200 µl of prepared BG-PNA1 and BG-PNA2 conjugate, respectively. The reaction mixture then 

incubated at room temperature for 2 hrs with shaking in the dark. Products were analysed by 

MALDI-TOF MS and reverse phase HPLC (RP-HPLC). The RP-HPLC was performed on a C-18 

reverse phase column eluted with a flow rate 1ml/min with a 40 min linear gradient of 

Acetonitrile/0.1% TFA started at 10-90%. Eluted compounds were detected with UV-Visible 

absorbance. 

Coupling purified SNAP protein to BG-PNA-Atto dyes  

Coupling was run on a 200 µl scale using 2-fold excess of BG-PNA-Atto. The conjugation solution 

was 5 µM of purified SNAP protein (New England Biolab, USA) in 200 µl phosphate buffer pH 

7.4, 10 µM of the prepared BG-PNA1-Atto 488 and BG-PNA2-Atto532, and 1 mM of TCEP as a 

reducing agent. The reaction mixture incubated for 2hrs at 37°C in the dark. Afterwards, the 

final solution was purified by dialysis to remove unreacted compounds. These conditions were 

selected after evaluating the effects of temperature (37°C and room temperature), different 



ratio of BG-PNA-Atto to SNAP (2 and 3 fold excess) and different incubation times (2, 3, and 4 

hrs) on the conjugation reaction while maintaining other conditions constant. The results of 

coupling were assessed by MALDI-TOF MS, SDS-PAGE, and size exclusion (SEC) HPLC. The SEC-

HPLC was carried out on a size exclusion column (SRT SEC-150, 5µm, 4.6x300mm; Chromex 

Scientific, UK) calibrated with molecular weight protein marker kit 12-200 kDa (MWGF200, 

Sigma). The detection wavelengths were 214, 501 (maximum absorption wavelength of Atto 

488) and 532 nm (maximum absorption wavelength of Atto532). 

Hybridization and assembly of fluorescent SNAP-PNA with DNA 

Four DNA scaffolds (Life Technologies, USA) were used to hybridize to the fluorescent SNAP-

PNA constructs. DNA1 (5'- TGCATGGATCTGCATG-3') was used as a template to assemble two 

SNAP-PNA1-Atto488 constructs into a dimeric form. DNA2 (5'- TGCATGGATCGTTACT-3') was 

applied to make hetero-dimer assemblies of SNAP-PNA1-Atto488 and SNAP-PNA3-Atto532. 

DNA3 (5'TGCATGGATCTGCATGGATCTGCATG3') and DNA4 

(5'TGCATGGATCTGCATGGATCTGCATGGATCTGCATG-3') scaffolds were used to assemble SNAP-

PNA1-Atto488 constructs in trimeric and tetrameric forms, respectively. The titration of 0.5 µM 

DNA1, 0.33 µM DNA3, and 0.25 µM DNA4 with different concentrations of SNAP-PNA1-Atto488 

(0-1 µM) was carried out in phosphate buffer (100 mM, NaCl 200 mM, pH 7) with 2 hrs 

incubation at room temperature. The results were assessed by SDS-PAGE electrophoresis and 

SEC-HPLC at (214 nm and 501 and 532 nm) as described in previous chapters. The SEC-HPLC 

calibrated with molecular weight protein marker kit 12-200 kDa (MWGF200-sigma). 

Photophysical Measurements and Theory 

Different concentration of DNA1, DNA3 and DNA4 (0-1 µM) were added to 1 µM SNAP-PNA1-

Atto488 in phosphate buffer (100 mM, NaCl 200 mM, pH 7) with 2 hrs incubation at room 

temperature. The anisotropy was recorded using a multimode microplate reader (Infinite F200 

http://www.sigmaaldrich.com/catalog/product/sigma/mwgf200?lang=en&region=GB


PRO, Tecan Group Ltd.). The excitation and emission wavelengths were 485 and 535 nm, 

respectively.  

Similarly, 0.5 µM of SNAP-PNA1-Atto 488 and SNAP-PNA2-Atto 532 were added to 1 µM DNA2. 

The intensity measurement was carried out using a fluorimeter (Cary Eclipse; Varian) over the 

range of 515-600 nm with excitation at 501 nm which is the maximum absorption wavelength 

of Atto488.  

 

THEORY 

Proximity between fluorescently labelled molecules may be assessed via FRET using either 

homo- or hetero-FRET methods. In homo-FRET studies, the fluorescence anisotropy is an 

indicator of energy transfer and normally applied theories for assembly of two or more 

fluorophores into a cluster are based on the binomial distribution. This implies that when N 

binding sites exist on a species (S) and i  is the average number of labelled sites, then the 

fraction, if  , of the species in the form of SXi  (0 ≤ i ≤ N) is given by the binomial distribution:  
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This approach61, 62 allows the anisotropy of complex systems to be predicted when combined 

with the sum law of anisotropies if cluster formation does not affect the intensity of the 

fluorophores.61, 62, 64, 65  
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In this expression, f is the ensemble fractional labelling, A1 , A2 ,… AN  are the values from the N-

1 row of Pascal’s triangle, and r1 , r2 ,… rN  are and fluorescence anisotropies of the N species.  If 

interactions result in changes in the intensity of the fluorophores in the cluster, a correction 

term, zi,  is required  yielding.57  
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The anisotropies r1 , r2 ,… rN  of the individual species in the mixture may be conveniently 

approximated when the inter-fluorophore distance is < 0.8 R0.66 Under these conditions, if r1 is 

the anisotropy of an assembly with one fluorophore and ri is the anisotropy of a species with i 

fluorophores then the individual anisotropies may be approximated.66 

i

r
ri

1             (4) 

  

Depending on orientation, distance between fluorophores, and cluster size, this approximation 

may not hold rigorously and additional considerations will be required.66-68 

The binomial theory applies only when individual binding events are independent. As such the 

treatments leading to equations 1-3 assume the distribution of fluorophores is not affected by 

co-operative binding or other processes that might skew the distribution. For example, if the 

rate limiting step in the assembly of PNA-X on a DNA template consisting of a motif with 3 

repeats (Scheme 3) is k2 with k1 and k3 fast, then the distribution of species in a sub-

stoichiometric reaction will favour the singly and triply labelled species.  



   Scheme 3 

In these cases, fi (when equal fluorescence efficiency occurs), fi and zi (interactions enhance or 

quench fluorescence),  or the fractional fluorescence intensity (i) must be independently 

determined and the sum law of anisotropies used directly.  
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Verification of the validity of procedures based on stochastic assembly (e.g. binomial, Poisson, 

etc) 62 distributions may be done when separation of the individual species is possible.  
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