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1. Experimental methods 

 

Synthesis: 

General. 
1H and 13C NMR spectra were measured with Bruker AVANCE III spectrometer with 

operating frequencies 500.13 MHz (1H) and 125.8 MHz (13C). Coupling constants (J value) are 
reported in Hz. The chemical shifts are shown in ppm, using residual chloroform (δ = 7.24 in 1H 
NMR, δ = 77.23 in 13C NMR), dimethyl sulfoxide (δ = 2.50 1H NMR, δ = 39.50 in 13C NMR) as 
standard references. HR-MS spectra were measured on a spectrometer Agilent 6224 TOF 
LC/MS with dual mode (ESI/APCI) ionization.  

All chemicals were purchased from commercial sources (Aldrich) and were used without further 
purification. Anhydrous solvents were prepared by drying over 4Ǻ molecular sieves. Column 
chromatography was performed on silica gel 40-60 µm. TLC was done on TLC silica gel 60 F254 
(Merck) with UV detection. All products were dried in a high vacuum. 

HPLC purifications were performed on a Watrex 300x21 mm Biospher Si-100 5 µm column 
with Shimadzu LC-10ADVP with UV detector JASCO CD-1595. 

6-(N, N-dimethylamino)-2-naphthoic acid (1)
1,2

 

 

 1 

To a solution of 2.50 g (13.4 mmol) of 6-amino-2-naphthoic acid in 100 mL of methanol was 
added 20 mL of formaldehyde (37% wt. in H2O) and then 3.00 g (47.7 mmol) of NaBH3CN 
portionwise. The reaction mixture was stirred at 25OC for 3 hours, the solvents were then 
evaporated. The brown residue was dissolved in 500 mL of H2O, acidified by addition of 
concentrated aqueous HCl and extracted with EtOAc (5 x 200 mL). The organic extracts were 
dried over MgSO4, filtered, and the solvent was evaporated. The brown residue was purified by 
column chromatography (dichloromethane/MeOH 20:1) to afford 1.973 g (69%) of yellow solid. 
1
H NMR (500 MHz, DMSO-d6, δ in ppm): 12.58 (br s, 1H); 8.37 (s, 1H); 7.88 (d, 1H, J = 

9.1Hz); 7.81 (d, 1H, J = 8.6Hz); 7.68 (d, 1H, J = 8.6 Hz); 7.27 (dd, 1H, J = 9.1; 1.9 Hz); 6.95 (s, 
1H); 3.05 (s, 6H). 
13

C NMR (126 MHz, DMSO-d6, δ in ppm): 167.66 (CONH-); 149.89 (CH); 136.98 (CH); 
130.36 (C); 130.11 (C); 125.71 (C); 125.46 (C); 124.65 (CH); 123.19 (CH); 116.44 (CH); 
104.77; 39.92(N-CH3)2. 
APCI-MS: HRMS calcd C13H13NO2 (M+H+) 216.1019, found 216.1016. 
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6-(dimethylamino)-N-(2-(2-hydroxyethoxy)ethyl)-2-naphthamide (2) 

 

 2 

Into a solution of acid 1 (390 mg, 1.56 mmol) in 4 mL of anhydrous dichloromethane was added 
SOCl2 (556 mg, 4.70 mmol) dropwise under N2 atmosphere. The reaction mixture was stirred for 
5 hours, all volatiles were then evaporated under reduced pressure. The resulting crude acid 
chloride was dissolved in 5 mL of anhydrous CHCl3, cooled to 0°C (ice bath) and the flask was 
covered by aluminum foil. Triethylamine (476 mg, 4.70 mmol) was added slowly to the mixture, 
followed by 2-(2-aminoethoxy)ethanol (494 mg, 4.70 mmol). The resulting mixture was allowed 
to warm to 25OC and then it was stirred for 14 hours. The solvents were evaporated and the 
brown residue was purified by column chromatography (dichloromethane/MeOH 10:1) to afford 
267 mg (56%) of yellow solid.  
1
H NMR (500 MHz, CDCl3, δ in ppm): 8.13 (s, 1H); 7.70 (d, 1H, J = 8.1 Hz); 7.63 (d, 1H, J = 

9.1 Hz); 7.53 (d, 1H, J = 8.4 Hz); 7.19 (br s, 1H, NH) 7.03 (d, 1H, J = 8.4 Hz); 6.77 (s, 1H); 3.71 
(br s, 1H); 3.81 – 3.37 (m, 8H); 2.98 (s, 6H). 
13

C NMR (APT experiment) (126 MHz, CDCl3, δ in ppm): 168.48 (CO); 149.70 (C); 136.71 
(C); 130.00 (CH), 127.65 (CH); 127.36 (C); 126.23 (CH); 125.45 (C); 124.22 (CH); 116.54 
(CH); 105.49 (CH); 72.45 (CH2); 70.09 (CH2); 61.64 (CH2); 40.52 (NMe2); 39.95 (CH2). 
APCI-MS: m/z HRMS calcd. C17H22N2O3 (M+H+) 303.1703, found 303.1704. 

 

N-(2-(2-(5-chloropentyloxy)ethoxy)ethyl)-6-(dimethylamino)-2-naphthamide (3) 
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Into a solution of compound 2 (150 mg, 0.49 mmol) in 4 mL of anhydrous THF was added NaH 
(58 mg, 1.47 mmol, 60% dispersion in mineral oil). The resulting yellow suspension was stirred 
under N2 atmosphere for 10 min. Chloro-5-iodopentane (171 mg, 0.74 mmol) was then added 
and the reaction mixture was stirred at 25OC for 14 hours. The reaction mixture was quenched by 
addition of silica gel (500 mg), the solvent was evaporated and the residue purified by column 
chromatography with EtOAc, which afforded 65 mg (33%) of white semi-solid. Analytically 
pure material was obtained by semi-preparative HPLC with (2-propanol/hexane 3:2).   
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1
H NMR (500 MHz, CDCl3, δ in ppm): 8.14 (s, 1H); 7.74 (d, 1H, J = 8.6 Hz); 7.71 (dd, 1H, J = 

9.1; 1.5 Hz); 7.63 (d, 1H, J = 8.6); 7.15 (dd, 1H, J = 9.1; 2.3 Hz); 6.87 (d, 1H. J = 1.5 Hz); 6.72 
(brs, 1H); 3.68 (m, 4H); 3.67-3.63 (m, 2H); 3.60-3.56 (m, 2H); 3.43 (m, 4H); 3.06 (s, 6H); 1.69 
(m, 2H); 1.55 (m, 2H); 1.41 (m, 2H). 
13

C NMR (126 MHz, CDCl3, δ in ppm): 168.04; 149.91; 136.86; 130.09; 127.77; 127.60; 
126.43; 125.70; 124.27; 116.79; 105.73; 71.36; 70.47; 70.28; 70.14; 45.08; 40.74; 39.92; 32.58; 
29.11; 23.71. 
APCI-MS: m/z HRMS calcd. C22H31N2O3Cl (M+H+) 407.2096, found 407.2097. 

 

N-(2-(2-(6-chlorohexyloxy)ethoxy)ethyl)-6-(dimethylamino)-2-naphthamide (4) 
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Into a solution of compound 2 (150 mg, 0.49 mmol) in 4 mL of anhydrous THF was added NaH 
(58 mg, 1.47 mmol, 60% dispersion in mineral oil). The resulting yellow suspension was stirred 
under N2 atmosphere for 10 min. Chloro-6-iodohexane  (122 mg, 0.50 mmol) was added 
dropwise into the suspension and the reaction mixture was stirred at 25OC for 14 hours. The 
reaction mixture was quenched by addition of silica gel (500 mg), the solvent was evaporated 
and the residue purified by column chromatography with EtOAc, which afforded 78 mg (56%) 
of white semi-solid. Analytically pure material was obtained by semi-preparative HPLC with (2-
propanol/hexane 3:2). 
1
H NMR (500 MHz, CDCl3, δ in ppm): 8.14 (s, 1H); 7.72 (m, 2H); 7.61 (d, 1H, J =8.6 Hz); 

7.14 (dd, 1H, J = 8.6; 2.0 Hz); 6.86 (s, 1H); 6.81 (d, 1H, J = 2.0 Hz); 3.73-3.53 (m, 8H); 3.47-
3.39 (m, 4H); 3.05 (s, 6H); 1.68-1.61 (m, 2H); 1.57-149 (m, 2H); 1.37-1.18 (m, 4H). 
13

C NMR (126 MHz, CDCl3, δ in ppm): 168.01; 149.86; 136.83; 130.07; 127.72; 127.58; 
126.38; 125.66; 124.26; 116.73; 105.68; 71.46; 70.42; 70.19; 70.09; 45.16; 40.69; 39.89; 32.65; 
29.63; 26.83; 25.55. 
APCI-MS: m/z HRMS calcd. C22H33N2O3Cl (M+H+) 421.2252, found 421.2251. 
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N-(2-(2-(7-chloroheptyloxy)ethoxy)ethyl)-6-(dimethylamino)-2-naphthamide (5) 

 

 5 

Into a solution of compound 2 (60 mg, 0.20 mmol) in 3 ml of dry THF was added NaH (24 mg, 
0.6 mmol, 60% dispersion in mineral oil). The resulting yellow suspension was stirred under N2 
atmosphere for 10 min. 1-bromo-7-chloroheptane  (78 mg, 0.3 mmol) was then added and the 
reaction mixture was stirred at 25OC for 14 hours. The reaction mixture was quenched by 
addition of silica gel (500 mg), the solvent was evaporated and the residue purified by column 
chromatography with EtOAc, which afforded 35 mg (41%) of white semi-solid. Analytically 
pure material was obtained by semipreparative HPLC on silica gel column with (2-
propanol/hexane 3:2).  
1
H NMR (500 MHz, CDCl3, δ in ppm): 8.15 (s, 1H); 7.74 (d, 1H, J = 9.1 Hz); 7.71 (1H, dd, J = 

8.6, 1.4 Hz); 7.62 (d, 1H, , J = 8.6 Hz); 7.15 (1H, dd, J = 9.1, 2.3 Hz); 6.87 (s, 1H); 6.74 (bs, 
1H); 3.73-3.63 (m, 6H); 3.61-3.56 (m, 2H); 3.44 (dd, 4H, J = 13.9, 6,8 Hz); 3.07 (s, 6H); 1.72-
1.64 (m, 2H); 1.57-1.49 (m, 2H); 1.36-1.18 (m, 6H). 
13

C NMR (126 MHz, CDCl3, δ in ppm): 168.01; 149.90; 136.88; 130.13; 127.80; 127.62; 
126.43; 125.72; 124.30; 116.77; 105.74; 71.66; 70.50; 70.24; 70.15; 45.26; 40.75; 39.93; 32.77; 
29.75; 28.89; 26.98; 26.13. 
APCI-MS: m/z HRMS calcd. C24H35ClN2O3 (M+H+)  435.2409, found 435.2413. 
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1
H NMR (500 MHz) spectrum of X in DMSO-d6 

2. NMR spectra 
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13

C NMR (126 MHz) spectrum of X in DMSO-d6 
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13

C NMR APT (126 MHz) spectrum of X in DMSO-d6 
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1
H NMR (500 MHz) spectrum of X in CDCl3 
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13

C NMR APT (126 MHz) spectrum of X in CDCl3 
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1
H NMR (500 MHz) spectrum of X in CDCl3 
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13

C NMR (126 MHz) spectrum of X in CDCl3 
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1
H NMR (500 MHz) spectrum of X in CDCl3 
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C NMR (126 MHz) spectrum of X in CDCl3 
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1
H NMR (500 MHz) spectrum of X in CDCl3 
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13

C NMR (126 MHz) spectrum of X in CDCl3 
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3. Photophysical characteristics of MUC7 probe in solvents 

 

Table S1: Spectral characteristics of MUC7 in neat solvents.  

Solvent polarity 
function ∆f 

λexc (nm) λem (nm) τav (ns) ∆νΑΕ (cm-1) 

Cyclohexane 0.000 318 394 4.62 5660 

MB : EA (95:5) 0.025 319 400 6.73 6220 

MB : EA (90:10) 0.046 319 402 6.31 6420 

MB : EA (80:20) 0.081 319 405 6.64 6570 

MB : EA (70:30) 0.113 319 407 6.51 6720 

MB : EA (60:40) 0.128 318 408 6.64 6660 

Ethylacetate 0.201 319 412 6.89 6810 

glycerol, 5 oC 0.264 329 442 5.22 7720 

Ethanol 0.290 327 430 5.16 7110 

Acetonitrile 0.305 323 427 7.10 7310 

Water 0.321 327 451 5.78 8510 

 

The polarity function ∆f was calculated according to ∆f = {(ε-1)/ (2ε+1)-(n2-1)/ (2n
2+1)}, where ε 

and n stand for the dielectric constant and refractive index of the solvent, respectively. λexc and λem 

are the maxima of the absorption and emission spectra, respectively. τav is the average fluorescence 
lifetime recorded at 420 nm, ∆νΑΕ  represents the overall difference between the maxima of the 
absorption and emission spectra expressed in wavenumbers. MB and EA stands for methylbutane 
and ethyl acetate, respectively. Data were recorded at 10 oC. 
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4. Discussion on the time evolution of shape/width of time resolved emission 

spectra (TRES)  

Typical examples of time evolution of TRES are illustrated in figure S2 for MUC6:DhaA-
H272F and MUC6:DbjA-H280F. Apparently, all the recorded spectra possess a single-humped 
character without any evidence of fine structure. The TRES widths quantified as the full width at half 
maxima (FWHM) change slightly not exceeding 20% of its maximal value. The analysis of FWHM 
profiles were, therefore, found problematic since the recorded differences span the uncertainty in 
their determination. Similarly, the assymetry parameter describing the TRES shape changed to a 
lesser extent preventing detailed interpretation. 

In conclusion, we explored the time course of TRES parameters describing their position, 
width, and shape. With the given time resolution on the order of 40 ps, we found reasonable to 
interpret just the evolution of TRES maxima. 
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Figure S2: Time resolved emission spectra of MUC6:DhaA-H272F (left pannel), MUC6:DbjA-
H280F (right pannel). The scattered points correspond to the values gained by spectral reconstruction 
and the solid lines illustrate the fitting result to a log-normal function. The relative intensity spectra 
display the decrease in instensity corresponding to the following times after excitation: 0.04 ns, 0.19 
ns, 0.97 ns, 1.95 ns, 4.95 ns, 14.67 ns.  
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5. Estimation of “time-zero spectrum” 
 

Before measuring the TDFS response the “time-zero spectrum”, the spectrum emitted prior to 
the solvent relaxation starts, must be successfully estimated. The Time-resolved emission spectra 
(TRES) obtained by spectral reconstruction3 can then be fitted by a log-normal function and the time 
evolution of their maximum ν(t) treated with the multi-exponential function: 
 

∑ −∞−+∞=
i

ii tat )/exp())()0(()()( τνννν     (5) 

where ν(0) and ν(∞) are the emission maxima at time zero and at time infinity, respectively.  
 
 
Case 1 - MUC dyes 

 
The estimation of “time-zero spectrum” for the MUC dyes was performed according to the 

method suggested by Fee and Maroncelli4. The absorption spectrum of the MUC dye in the system 
of interest, Ap, was measured followed by the measurement of its the absorption, Aref, and emission 
spectra, Eref, in hexane. From the reference spectra, the lineshape functions g(ν) and f(ν) were 
calculated according to: 

ν
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Through convolution of the absorption spectrum Ap with g(ν): 

∫ − )()()()( δδδνναν dpgAp       (8) 

and optimization using a non-linear least-squares routine, the parameters of the solvent shift 
distribution p(δ) (equation 9) were determined.  
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where δo is the average shift induced by the polar solvent and σ is the variance. 
The “time-zero spectrum” was then estimated according to: 

δδυδδυυυαυυ dfpgtF excexcexcp )()()(),0,( 3 −−= ∫    (10) 

with νexc being the excitation frequency. 
 

 

Case 2 - MUC:enzyme complexes 

 
The working concentrations of the labeled enzymes were too low to allow measurement of 

the MUC probe absorption spectra. Therefore, we developed an alternative approach making use of 
the probe’s excitation spectra measured at the very blue edge of MUC’s emission.  

Through the use of the simplification suggested by Fee and Maroncelli4 the estimation of the 
“time-zero spectrum” emission maximum, ν(0), was reduced to: 
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))()(()(0 emabsabs refrefp υυυυ −−=     (11) 
where the subscripts “p” and “ref” stand for polar system of interest and non-polar reference 
(hexane).  
In this case only necessary parameter is therefore the absorption maximum of the MUC probe in the 
MUC:enzyme complex. In order to obtain the best approximation possible of νp(abs) the dye’s 
excitation spectra was measured by collecting the light emitted at the blue edge of its emission 
spectra (390nm). In this way one selectively detects the emission of the least relaxed dye molecules 
obtaining the best approximation to the dye’s absorption spectrum (figure S3).  

This approach was tested on the AOT micelle system and found to be an accurate alternative 
approach for determining the “time-zero spectrum” emission maximum, ν(0). The largest deviation 
between the results obtained by the complete method, described in case 1, and the simplified method 
described above was 200cm-1 (table S4). It should be noted that the estimation of the “time-zero 
spectrum” performed according to the full method of case 1 provides an estimation of ν(0) with a ± 
200cm-1 accuracy. Therefore, we conclude that our alternative approach, combining the simplified 
calculation and blue edge emission excitation spectra, allows for an equally good estimation of ν(0). 

 

300 320 340 360 380 400
0.0

0.2

0.4

0.6

0.8

1.0
 Exc spectrum, blue edge emission

 Absoprtion spectrum

 

 

 
n
o
rm

a
liz
e
d

λ    /nm
 

Figure S3: Representative absorption and excitation spectra of MUC7 in AOT micelles (wo=10). 
Slashed line corresponds to absorption spectra and full line corresponds to the excitation spectrum 
collected at 390 nm, the blue edge of the dye’s emission spectrum. 

 
Table S4: Representative values of “time-zero spectrum” emission maximum,ν(0), obtained for 
MUC7 through the full method, described in case 1, and the simplified approximation described in 
case 2. 

system 
ν 0 (cm-1) 
Full 

method 

ν 0 (cm-1) 
approximation 

56deviation 
(cm-1) 

AOT, w0 = 1 25430 25230 200 
AOT, w0 = 2 25150 25330 180 
AOT, w0 = 5 25120 25300 180 
AOT, w0 = 10 25180 25160 80 
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Case 3 – Coumarin-120 dye 

 
Coumarin-120 exhibits unusual complex photophysics in non-polar solvents5, therefore, the 

standard procedure for obtaining the time-zero estimation4, described in case 1, fails and parallel 
approach has to be used. The description of our estimation procedure has been published elsewhere6. 
Briefly, there is a linear dependence of the difference between the absorption and emission spectra  

)()( emabs refref υυυ −=∆         (8) 
for solvents with moderate to high polarity.6 Moreover, the maxima of the absorption spectra of 
coumarin-120 are almost independent of the polarity for protic solvents.  
For the coumarin-120 case, the simplified approach described by equation (7) can be used in the 
estimation of ν(0): 

*
0 )( νυυ ∆−= absp         (9) 

where, however, *ν∆ is obtained by extrapolating the dependence of ν∆  on the polarity 
function f∆ (equation 10) when 0→∆f , which resutls in 1* 4600 −=∆ cmν . 
The polarity function f∆  is defined by: 
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where, ε and n stand for the dielectric constant and refractive index of the solvent, respectively. 
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6. Thermal Stability of DhaA and DbjA mutants 

In order to explore the thermal stability of both dehalogenase mutants DhaA:H272F and 
DbjA:H280F at the given experimental temperature (45oC), temperature scans were recorded by 
means of circular dichroism (CD). The normalized values of the molar ellipticity recorded at the 
wavelength of 222 nm, which corresponds to the characteristic CD band of dehalogenase enzymes, 
are depicted in figure S5. 

 

Figure S5: Dependence of relative change in the molar ellipticity (monitored at 222 nm) on the 
temperature for DbjA:H280F (in black) and DhaA:H272F (in grey). The vertical dashed line 
corresponds to the elevated experimental temperature (45oC). 
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