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1. Chemical synthesis of unnatural amino acid (UAA) 

 

(2S)-(1-benzyl 7-ethyl 2-{[(benzyloxy)carbonyl]amino}-5-oxoheptadioat 

 

Carbonyldiimidazole (6.00 g, 37.00 mmol) was added in portions to (2S)-5-(benzyloxy)-4-

{[(benzyloxy)carbonyl]amino}-5-oxopentanoic acid (12.50g, 33.66 mmol) in anhydrous THF (120 mL) 

and the mixture was stirred under nitrogen at 25 °C for 90 min. Potassium ethyl malonate (5.50 g, 32.32 

mmol) and magnesium chloride (6.00 g, 63.02 mmol) were then added and the mixture was stirred at 25 

°C for 14 hr. The reaction mixture was poured into water (500 mL) and extracted with diethyl ether 

(3x400 mL). The combined extracts were washed with saturated aqueous solution of NaHCO3 (200 mL), 

dried over Na2SO4, filtered, and the solvent was evaporated. The product was obtained as a pale yellow 

solid (14.34 g, 96 %) and was used directly in the next step without additional purification. 

Analytically pure sample can be obtained by flash column chromatography on silica gel (hexane, EtOAc/ 

1:3). 

1
H NMR (300 MHz, CDCl3): δ 1,26 (t, 3H); 1,86-2,08 (m, 1H); 2,11-2,28 (m, 1H); 2,48-2,76 (m, 2H); 

3,35 (s, 2H); 4,17 (q, 2H); 4,30-4,49 (m, 1H); 5,10 (s, 2H); 5,16 (s, 2H); 5,38 (d, 1H). 
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L-(7-hydroxycoumarin-4-yl)ethylglycine  

 

Methanesulfonic acid (19.7 mL) was added at 0 °C (ice bath) to a mixture of (2S)-(1-benzyl 7-ethyl 2-

{[(benzyloxy)carbonyl]amino}-5-oxoheptadioat (4.90 g, 11.11 mmol) and powdered resorcinol (6.12 g, 

55.55 mmol). The mixture was stirred at 0 °C for 5 min, then it was allowed to warm to 25 °C and stirred 

for 15 hr. The resulting red solution was poured onto crushed ice (100 g) and water was added (100 mL). 

The mixture was extracted with diethyl ether (3x70 mL). The strongly acidic aqueous phase was loaded 

onto a column of Dowex 50WX8 (Aldrich, 100 g, diameter 4 cm, height 12 cm). The column was washed 

with water (800 mL) and then eluted with 1M aqueous solution of NaOH (total elution time: ca. 30 min). 

The dark red fractions were collected and concentrated aqueous HCl was added to adjust pH to 6. The 

solution was concentrated to ¼ of the volume and allowed to stand in at 4 °C overnight. The red 

precipitate was collected by filtration, mixed with 4 mL of ice-cold water and the mixture was quickly 

filtered. The precipitate on the filter was collected and dried in a vacuum yielding a pink solid (1.97 g). 

The solid was suspended in anhydrous EtOH (200 mL), stirred at 70 °C for 15 min, and the precipitate 

was collected by filtration. The precipitate was suspended in anhydrous EtOH (200 mL), stirred at 70 °C 

for 15 min, and filtered. The solid was collected by filtration and dried in a vacuum to yield a pale pink 

solid (0.59 g, 19 %). 

1
H NMR (500 MHz, DMSO-d6): δ 1,91-2,10 (m, 2H); 2,77-2,95 (m, 2H); 6.08 (s, 1H); 6,73 (d, 2H); 6,85 

(d, 1H); 7,70 (d, 1H). 

13
C{

1
H} NMR (125 MHz, D2O): δ 25,03; 27,07; 29,31; 54,34; 103,15; 109,11; 11,92; 114,03; 126,22; 

128,70; 128,80; 173,97. 
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1
H NMR spectrum of L-(7-hydroxycoumarin-4-yl)ethylglycine v DMSO-d6. 

 

13
C{

1
H} NMR spectrum of L-(7-hydroxycoumarin-4-yl)ethylglycine v D2O. 
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2. Plasmids, strains and chemicals 

 The plasmid (pEVOL-aaRS) carrying the engineered orthogonal tRNA and aminoacyl-tRNA 

synthatase pair was obtained from Professor Peter Schultz (The Scripps Research Institute, USA). Two 

target proteins, haloalkane dehalogenase DhaA and DbjA, were cloned in the pET21b vector for 

expression with a His6-tag to facilitate purification. Escherichia coli DH5α and E. coli BL21 (DE3) 

(Strategene) were used as regular cloning host and for protein expression, respectively. All antibiotics 

used and L-arabinose were obtained from Sigma-Aldrich and filter sterilized before use. 

 

3. Construction of mutants by site directed mutagenesis 

 The corresponding codons for C176 of DhaA and G183 of DbjA were replaced by the amber stop 

codon (TAG) by inverse PCR. 5’-phoshorylated primers were designed based on the DhaA and DbjA 

nucleotide sequence and obtained from Sigma-Aldrich. Primer sequences were the following: DhaA-

C176-for: 5’-TACGGAGGTCGAGATGGACCACTATCG-3’ and DhaA-C176-rev: 5’-

AGCGGACGGACGACCTATTTCGGG-3’ for mutation of Cys176 in DhaA; and DbjA-G183-for: 5’-

GCTCGGCGACGAAGAAATGGCG-3’ and DbjA-G183-rev: 5’-

TTGCGGACGATTCCCTAGGGCAGAAC-3’ for mutation of G183 in DbjA. Briefly, 0.8 µl Pfu DNA 

polymerase (Promega), 5 µl of Pfu DNA polymerase buffer with MgSO4, 4 µl of dNTP mix 2.5mM each, 

1 µl of each primer with 1 µM concentration, 1 µl of plasmid template (pET21-dhaA or pET21-dbjA) and 

37.2 µl of sterile water were added in a PCR tube. The thermocycler was set at 95°C for 2 min for 

denaturation, and 30 cycles of 95°C for 1 min for multiplication, 58°C for 30 s for annealing and 72°C for 

12 min for elongation, followed by 72°C for 5 min for final extension. The PCR products were treated 

with 1-2 µl DpnI (New England Biolabs) for 2 h at 37°C and then purified by using a PCR purification kit 

(Qiagen). Blunt end ligation was performed at 16°C overnight by adding 1 µl T4 DNA ligase and buffer 

(Promega) in 10 µl purified PCR sample. Competent E. coli DH5α were chemically transformed with the 

ligation product. Colonies were selected on LB agar plates supplemented with 100 µg/ml of ampicillin. 

Plasmid DNA was isolated and the mutations were confirmed by sequencing. The final plasmids were 

named pET21-dhaA:C176TAG and pET21-dbjA:G183TAG (Cys176 and Gly183 replaced by the TAG 

stop codon, respectively). 
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4. Transformation and expression of protein variants 

The expression host E. coli BL21 (DE3) was chemically transformed with pEVOL-aaRS and the 

respective mutant plasmid. The colonies were selected on LB agar plates containing ampicillin (100 

µg/ml) and chloramphenicol (34 µg/ml). A single colony from each mutant was picked and cultivated in 

10 mL LB supplemented with ampicillin and chloramphenicol. Fresh overnight culture (1 ml) was added 

to 1 L of LB medium with the appropriate antibiotics and grown at 37°C, 105 rpm until OD600 reached 

~0.5. Cells were harvested aseptically by centrifugation at 4°C and the supernatant was discarded. Cell 

pellets were resuspended in 1 L fresh LB containing the required antibiotics and 10 ml of UAA solution 

was added for UAA feeding. For the UAA solution, 263 mg of UAA (containing the 7H4MC 

fluorophore) was dissolved in 10 ml of 100 mM KOH, pH was adjusted to 7.0 by HCl and then filter 

sterilized. The cultures were incubated again at 37°C, 105 rpm until the OD600 reached 0.8-1.0. The 

samples were then cooled to 20°C and expression was induced by addition of IPTG and L-arabinose (0.5 

mM and 0.02 % (w/v) final concentration, respectively). Incubation was continued overnight at 20°C and 

finally the cells were harvested by centrifugation. The UAA labeled protein was purified via standard His-

tag purification. Expression and purification were checked via SDS-PAGE. 

 

5. Confirmation of protein structure by circular dichroism (CD) analysis 

CD spectra were recorded at room temperature using a Chirascan spectrometer (Applied 

Photophysics, UK). Data were collected from 185 to 260 nm (at 100 nm/min, 1 s response time and 2 nm 

bandwidth) using a 0.1 cm quartz cuvette containing the enzymes in 50 mM potassium phosphate buffer 

(pH 7.5). Each spectrum shown is the average of five to ten individual scans and is corrected for 

absorbance caused by the buffer. CD data were expressed in terms of the mean residue ellipticity (ΘMRE) 

using the equation: 

lcn

MΘ
Θ

..

100.. wobs
MRE       (1) 

where Θobs is the observed ellipticity in degrees, Mw is the protein molecular weight, n is number of 

residues, l is the cell path length (0.1 cm), c is the protein concentration and the factor 100 originates from 

the conversion of the molecular weight to mg/dmol. 
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6. Confirmation of protein function by determination of specific activity 

Enzymatic activity was assayed by the colorimetric method developed by Iwasaki and co-

workers
1
. The release of halide ions was analyzed spectrophotometrically at 460 nm using the Sunrise 

microplate reader (Tecan, Austria) after reaction with mercuric thiocyanate and ferric ammonium sulfate. 

The dehalogenation reaction was performed with 1,2-dibromoethane as a substrate at 37 °C in 25 ml 

Reacti-flasks closed by Mininert valves. The reaction mixture contained 10 ml of glycine buffer (100 

mM, pH 8.6) and 10 µl of the substrate 1,2-dibromoethane. The reaction was initiated by addition of the 

enzyme in a final concentration of 0.15 µM. The reaction was monitored by withdrawing 1 ml samples 

from the reaction mixture at periodic intervals and immediately mixing the removed sample with 0.1 ml 

of 35% nitric acid to terminate the reaction. Dehalogenation activity was quantified as the rate of product 

formation in time. 

 

7. Thermodynamic analysis of enzyme enantioselectivity 

 Temperature dependence of DhaA enantioselectivity (E value) was analyzed in 25-ml Reacti-

Flasks closed by Mininert Valves containing 25 ml of 50 mM of Tris-sulfate buffer (pH 8.2) and 10 µl of 

racemic 2-bromopentane. The enzymatic reaction was initiated by the addition of appropriate amounts of 

enzyme. Depending on its activity, final concentration of enzyme was 0.7-3.7 M. The reaction was 

monitored by periodically withdrawing 0.5 ml samples from the reaction mixture. The reaction was 

stopped by mixing the sample with 1 ml of diethyl ether containing 1,2-dichloroethane as an internal 

standard. Diethyl ether was anhydrated on a glass column with sodium sulphate after the extraction. The 

samples were analyzed using Hewlett-Packard 6890 gas chromatograph (Agilent, USA) equipped with a 

flame ionization detector and chiral capillary column Chiraldex G-TA (Alltech, USA). 

 The difference in activation enthalpy and entropy between enantiomers, denoted ΔR-SΔH
‡ and  

ΔR-SΔS
‡
, respectively, was determined by studying the variation of the enantiomeric ratio with 

temperature according to eq. 2: 

R

S

R

H
E

‡

SR

‡

SR

T

1
ln


       (2) 

where R is the universal gas constant and T is absolute temperature. lnE varies linearly with the reciprocal 

temperature therefore ΔR-SΔH
‡
/R and ΔR-SΔS

‡
/R were determined as the slope and intercept of the 

determined variation of the enantiomeric ratio, respectively. 
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8. Steady-state fluorescence spectroscopy 

Steady-state fluorescence (SSF) spectra were recorded on Fluorolog-3 spectrofluorometer (model 

FL3-11; HORIBA Jobin Yvon) equipped with a Xenon-arc lamp. All spectra were collected in 1 nm steps 

(1 or 2 nm bandwidths were chosen for both the excitation and emission monochromators depending on 

the signal strength) at 10 
o
C. The recorded spectra were then fitted by means of nonlinear least–square 

procedure to the sum of  asymmetric peak functions, which are expressed as: 

















 
















 
 1exp0

w

xx

w

xx
Aeyy cc     (3) 

where y0 stands for the offset, and xc, w and A represent the center of the band, its width and amplitude, 

respectively. The above fitting function was chosen because it provided the best fit results to the emission 

spectra of the individual 7H4MC forms (whose spectra was obtained via dissolution in different solvents). 

The initial estimations for the parameter xc were set to the values of 380 nm, 420 nm, 450 nm and 480 nm 

which correspond to the wavelengths of the emission maximum of the particular forms of 7H4MC. The xc 

parameter was kept within the range of ± 8 nm with respect to the initial value during the fitting 

procedure. The R-square parameter provided by the software OriginPro 8 (OriginLab Corporation) was 

taken as a measure for the goodness of the fit. 

Time-resolved fluorescence decays were measured using the time-correlated single photon 

counting technique on an IBH 5000 U SPC instrument (HORIBA Jobin-Yvon, USA) equipped with a 

cooled Hamamatsu R3809U-50 microchannel plate photomultiplier (Hamamatsu, Japan) with 40 ps time 

resolution and time setting of 7 ps per channel. Bandwidths for both the excitation and emission 

monochromators were set to 8 nm. A 399 nm cut-off filter was used to eliminate scattered light. Samples 

were excited at 373 nm with an IBH NanoLED-11 diode laser (80 ps fwhm) or at 340 nm with IBH 

NanoLED N-340 (900 ps fwhm) with a repetition frequency of 1 MHz. The detected signal was kept 

below 20 000 counts per second in order to avoid shortening of the recorded lifetime due to the pile-up 

effect. The experimental temperature was set to 10 
o
C. Fluorescence decays were fitted (by iterative 

reconvolution procedure with IBH DAS6 software) to a multiexponential function (eq. 4) convoluted with 

the experimental response function IRF ("prompt"), yielding sets of lifetimes i and corresponding 

amplitudes Ai. The average lifetimes <> were calculated according to eq. 5. 

( ) it

i

i

I t Ae IRF


       (4) 
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9. Parameterization of UAA residue for force field calculations 

 The structure of the UAA residue was constructed in the extended and α-helical conformations of 

backbone atoms using Avogadro 1.0.3 program
2
. For both backbone conformations, the lowest energy 

conformations of the UAA side-chain were identified with systematic rotor search keeping the backbone 

part of the UAA residue fixed. The UAA residue was then capped with N-methylamide (NME) and acetyl 

(ACE) residues for the purpose of charge fitting. The geometry of the selected conformations (UAA1-4; 

Supplementary Figure 5) was optimized employing the MP2/6-31G* wave function using Gaussian09 

program revision D.01
3
. The partial atomic charges of the novel residue were obtained using RESP ESP 

charge derive (R.E.D.) server 2.0
4,5

 with HF/6-31G* level of theory using the Gaussian09 program. The 

charges on the UAA residue were derived employing RESP-A1A charge model using multi-conformation 

multi-orientation RESP fit. The charges on the capping NME and ACE residues were constrained to zero 

during the fitting procedure. The charges on the four atoms forming the peptide bond (N26, H27, C28 and 

O29) were constrained to the corresponding values of the electro-neutral residues from the force field of 

Cornell et al.
6
 The atom types were derived in analogy with the force field of Cornell et al. The only 

exception is the aromatic oxygen contained in the moiety of fluorescent probe whose parameters were 

obtained from the study of VanBeek et al
7
. Partial charges and atom types of the UAA residue are 

summarized in Supplementary Table 5. 

 

10. Preparation of protein structures for simulations 

Structures of DhaA (PDB-ID: 4E46) and DbjA (PDB-ID: 3A2M – chain A) were downloaded 

from the RCSB PDB database
8
. All selected crystal structures were prepared for analysis by removing 

ligands and water molecules. Both structures were protonated by H++ server at pH 7.5
9
. The viability of 

introducing the four selected conformations (UAA1-4) into both enzymes was accessed using Pymol 

1.7
10

. In the case of DbjA, three conformations (UAA1, UAA3 and UAA4) fitted without serious steric 

clashes. In the case of DhaA, only a single conformation (UAA2) was viable. All water molecules from 

the crystal structure of DbjA that did not overlapped with the protein structure were returned to the 

system. In case of DhaA, non-overlapping water molecules from the crystal structure 1CQW were added 

in order to properly solvate the enzyme active site (structure 4E46 contains bound ligand). Cl
-
 and Na

+
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ions were added to the final concentration of 0.1M using tLeap module of AMBER 12
11

. Using the same 

module, an octahedron of TIP3P water molecules
12

 was added at the distance of 10 Å from any atom in 

the system. 

11. Molecular dynamics simulation 

Energy minimization and MD simulations were carried out in PMEMD.CUDA module
13,14

 of 

AMBER12 using ff10 force field
15–17

. Initially, the investigated systems were minimized by 500 steps of 

steepest descent followed by 500 steps of conjugate gradient in five rounds of decreasing harmonic 

restraints. The restraints were applied as follows: 500 kcal.mol
-1
.Å

-2
 on all heavy atoms of protein, and 

then 500, 125, 25 and 0 kcal.mol
-1
.Å

-2
 on backbone atoms only. The subsequent MD simulations 

employed periodic boundary conditions, the particle mesh Ewald method for treatment of the electrostatic 

interactions
18,19

, 10 Å cutoff and 2 fs time step with the SHAKE algorithm to fix all bonds containing 

hydrogens
20

. Equilibration simulations consisted of two steps: (i) 20 ps of gradual heating from 0 to 300 

K under constant volume using a Langevin thermostat with collision frequency of 1.0 ps
-1

 with harmonic 

restraints of 5.0 kcal.mol
-1
.Å

-2
 on the position of all protein atoms; (ii) 2000 ps of unrestrained MD at 300 

K using the Langevin thermostat and constant pressure of 1.0 bar using pressure coupling constant of 1.0 

ps. Finally, two separate 200 ns long production MD simulations were run for each system using the same 

settings as the second step of equilibration MD. Coordinates were saved in 2 ps interval and the 

trajectories were analyzed using Cpptraj module
21

 of AMBER12, and visualized in Pymol 1.7 and VMD 

1.9.1
22

. The calculation of the total free energy of enzymes as proxy to evaluation of their stability was 

performed by Molecular-Mechanics/Generalized-Born Surface Area. 1000 snapshot sampled every 100th 

frame from each MD trajectory was used in the analysis. The free energy was calculated by combining 

the gas phase energy contributions with solvation free energy components calculated from an implicit 

solvent model. Input topologies of sole enzymes were prepared by tLeap module of AMBER12 using 

ff10 force field. The following settings were used for the calculation: PBradii were set to mbondi3, 

Generalized-Born model = 8 and saltcon = 0.1. The analysis was performed by a python script 

MMPBSA.py
23

 implemented in AmberTools13. 
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12. Supplementary tables 

 

Supplementary Table 1: Areas of the deconvoluted emission spectra of the different forms of 7H4MC 

when embedded in AOT reverse micelles with different water content (w0) 

w0 A
N
 (%) A

T 
(%) A

A 
(%) A

A
+A

T
 (%) 

0 100 0 0 0 

2 100 0 0 0 

5 92 8 0 8 

10 68 18 14 32 

20 49 25 26 51 

40 45 7 48 55 

 

A
N
, A

T
 and A

A
 stand for the area of the decomposed emission spectra of the neutral, tautomeric and 

anionic forms, respectively. The complex form is not created under the given conditions. The increase in 

the sum of the areas corresponding to the anionic and tautomeric form (A
A
+A

T
) with the growing water 

content (w0) demonstrates how this parameter is suitable for qualitative characterization of the extent of 

hydration. 

 

Supplementary Table 2: Areas of the deconvoluted emission spectra of the different forms of 7H4MC 

when embedded in AOT reverse micelles with different content of imidazole aqueous solution (5M, pH ~ 

13 and pH ~ 7) 

 pH 13  pH 7 

w0 A
N
 (%) A

C 
(%) A

A 
(%)  A

N
 (%) A

C 
(%) A

A 
(%) 

0 100 0 0  100 0 0 

0.2 57 31 12     

0.5 44 33 23  57 31 12 

1 38 33 29  45 33 22 

2 33 37 30  37 34 29 

5 18 11 71  32 33 35 

10 9 9 82  17 11 72 

 

Imidazole was added in order to mimic the –NH
+
- and –NH- functional groups present in the protein 

matrix. This results in the formation of the complex form of 7H4MC (emission wavelength ~ 420 nm). 

A
N
, A

C
 and A

A
 stand for the area of the decomposed emission spectra of the neutral, complex and anionic 

forms, respectively. The tautomeric form is not created under the given conditions. The contribution of 

the anionic form A
A 

increases with the growing w0 and therefore reflects qualitatively the degree of 

hydration of the microenvironment surrounding the probe. 
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Supplementary Table 3: Specific activities of wild type haloalkane dehalogenase DhaA, DbjA and their 

variants DhaA:C176UAA and DbjA:G183UAA, with incorporated unnatural amino acid, measured with 

1,2-dibromoethane. 

Enzyme 

Specific activity  

[µmol s
-1

/mg of enzyme] 

DhaA 0.0648 

DhaA:C176UAA 0.0493 

DbjA 0.0928 

DbjA:G183UAA 0.1154 

 

 

Supplementary Table 4: Areas of the deconvoluted emission spectra of the different forms of the 

7H4MC fluorophore present in the UAA incorporated in DhaA and DbjA. Data recorded at various 

temperatures in order to follow the effect of the thermal denaturation of the protein on the hydration 

parameter (A
A 

+ A
T
). 

 A
N
 (%) A

C 
(%) A

A 
(%) A

T
 (%) A

A
+A

T
 (%) 

DhaA:C176UAA      

10 
o
C 32 18 43 7 50 

30 
o
C 25 19 56 0 56 

50 
o
C 0 17 83 0 83 

55 
o
C 0 13 87 0 87 

65 
o
C 0 11 89 0 89 

DbjA:G183UAA      

10 
o
C 7 24 38 32 70 

30 
o
C 5 25 49 22 71 

50 
o
C 5 17 78 0 78 

55 
o
C 0 19 81 0 81 

60 
o
C 0 17 83 0 83 

 

A
T
, A

C
, A

N
 and A

A
 stand for the area of the decomposed emission spectra of the tautomeric, complex, 

neutral and anionic forms, respectively. The intensities were corrected for the different quantum yields of 

the various forms based on the lifetime values recorded at their corresponding wavelengths (see 

Supplementary Figure 8). 
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Supplementary Table 5: Atom types and partial charges for the UAA residue.  

Atom ID Atom type Partial charge 

1 CT -0.1295 

2 HC   0.0771 

3 HC   0.0771 

4 CA   0.0630 

5 CA -0.3605 

6 HA   0.1538 

7 CA   0.7456 

8 OA -0.3536 

9 CA   0.2830 

10 CA   0.0023 

11 CA -0.1637 

12 HA   0.1666 

13 CA -0.2489 

14 HA   0.1852 

15 CA   0.3629 

16 CA -0.3933 

17 HA   0.1877 

18 OH -0.5843 

19 HO   0.4412 

20 O -0.5754 

21 CT -0.0119 

22 HC   0.0434 

23 HC   0.0434 

24 CT   0.0159 

25 H1   0.0873 

26 N -0.4157 

27 H   0.2719 

28 C   0.5973 

29 O -0.5679 

 

Atom IDs are defined in Supplementary Figure 5. Atom types are based on Cornell et al. force field. 
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Supplementary Table 6: Stability of enzymes with incorporated UAA. 

Enzyme 
UAA 

conformation 

Energy [kcal/mol] 

MD1 MD2 Average 

DhaA UAA_2 -6572±2 -6554±2 -6563±3 

DbjA 

UAA_1 -7479±2* -7474±2 -7474±2 

UAA_3 -7476±2 -7483±2 -7480±3 

UAA_4 -7475±2 -7490±2 -7483±3 

 

* conformation of UAA_1 was unstable in this simulation and changed to conformation UAA_3  

 

Supplementary Table 7: Potential hydrogen bonding involving UAA. Hydrogen bonds formed with the 

side-chain of the UAA are shaded. 

Enzyme 
UAA 

conformation 
Acceptor Donor 

Occurrence 

[%] 

Average geometry of 

detected bond 

Distance [Å] Angle [°] 

DhaA: 

C176UAA 
UAA_2 

Thr148 UAA 95±3 2.8 162.4 

UAA His272 85±3 3.1 156.4 

Leu173 UAA 75±5 3.3 150.9 

UAA Tyr273 78±3 3.5 156.5 

Ala172 UAA 28±7 3.0 147.2 

Ala145 UAA 2±1 3.3 143.44 

DbjA: 

G183UAA 

UAA_3 

Glu146
a
 UAA 82±15 2.7 163.3 

Arg179 UAA 64±3 3.1 151.2 

UAA Ile185 25±1 3.0 142.6 

Val180 UAA 16±1 3.2 143.8 

UAA His139 12±2 3.6 148.1 

UAA_4 

Arg179 UAA 80±5 3.1 152.6 

UAA Ile185 13±8 3.0 141.8 

Val180 UAA 7±4 3.3 142.8 

UAA Arg179
b
 5±1 3.2 151.5 

 

a
 Hydrogen bond with Glu146 is formed via OE1 and OE2 atoms.  

b
 Hydrogen bond with Arg179 is formed via HH11, HH21 and HE atoms. 
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13. Supplementary figures 

 

 

Supplementary Figure 1: General reaction scheme of 7H4MC in the ground and excited state. (A) 

Ground state equilibrium of 7H4MC. Three forms of 7H4MC - neutral, anionic and complex of the 

neutral form, for instance with an adjacent aminogroup - can exist and/or coexist. The value of pKa for 

Reaction I is approximately 7.8.
24

 The numbers accompanying the rippled arrows correspond to the 

absorption wavelengths of the particular 7H4MC form. (B) Neutral, anionic, and complex forms can also 

occur in the excited state. In addition, proton transfer (reaction III) can take place resulting in the 

formation of a tautomer. This proton transfer was shown to be promoted by the presence of ‘structured 

water’.
25

 In bulk, formation of anion (Reaction I) prevails since pKa
*
 in the excited state decreases beyond 

1.5.
 25

 The numbers accompanying the rippled arrows correspond to the emission wavelengths of the 

particular 7H4MC form. Red reaction arrows highlight the dominant pathways in the excited state. 
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Supplementary Figure 2: Emission spectra of 7H4MC incorporated in AOT reverse micelles at various 

water/surfactant ratios (w0). Spectra recorded at the excitation wavelength 320 nm. The black curve 

represents the recorded emission spectrum, the green, blue and orange curves represent its decomposition 

into the neutral, anionic and tautomeric contributions, respectively. Panels (A), (B), (C) depict the 

emission spectra recorded at w0 = 0, 10, and 40, respectively. 
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Supplementary Figure 3: Far-UV CD spectra of wild type haloalkane dehalogenases and their variants 

DhaA:C176UAA and DbjA:G183UAA containing the unnatural amino acid. The spectra confirm the 

proper folding of labeled proteins. 
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Supplementary Figure 4: Fluorescence decays recorded for DbjA:G183UAA (panel A) and 

DhaA:C176UAA (panel B). The excitation wavelength was set to 340 nm thus exciting preferentially the 

neutral form. The emission wavelengths were positioned at 450 nm (black curve), 490 nm (red curve), 

and 520 nm (blue curve). The emission wavelength of 450 nm corresponds to the anionic band, while the 

latter ones reflect preferentially the tautomeric form. The recorded decays for DhaA:C176UAA (panel A) 

are independent of the emission wavelength. In contrast, an increasing contribution of a negative 

component (with a time constant of 3.3 ns) is observed at emission wavelengths 490 nm and 520 nm in 

the case of DbjA:G183UAA (panel B). This finding indicates that the tautomeric form is created 

predominantly from the neutral form in the case of DbjA:G183UAA, and does not have a significant 

contribution in the case of DhaA:C176UAA. 
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Supplementary Figure 5: Four lowest-energy conformations of the UAA residue employed for the 

parameterization. 
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Supplementary Figure 6: Conformations of UAA incorporated into the structures of DhaA and DbjA 

enzymes. Enzymes are shown as gray cartoon. Initial conformation of UAA and two conformations of 

UAA averaged over two MD simulations are shown as yellow, green and cyan sticks, respectively. 
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Supplementary Figure 7: Residence time of water molecules at the tunnel mouth of studied enzymes. 

Water molecules locked by UAA in DbjA:G183UAA_3 show significantly slower residence time. 

380 400 420 440 460 480 500 520

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0
 

 

L
if
e
ti
m

e
 (

n
s
)

wavelength (nm)

UAA - lifetimes at 10 
o
C

 DhaA, excited at 340 nm 

 DhaA, excited at 370 nm

 DbjA, excited at 340 nm

 DbjA, excited at 370 nm

 

Supplementary Figure 8: Average fluorescence lifetimes of UAA incorporated in DhaA:C176UAA and 

DbjA:G183UAA. Data obtained by excitation at wavelengths 340 and 370 nm. Apparently, the average 

lifetime corresponding to the neutral form (emission maximum at 380 nm) is approximately half of the 

values for all the other forms (emission maximum at 420 nm, 450 nm, and 480 nm for the complex, 

anionic and neutral forms, respectively). It is therefore reasonable to assume that the quantum yield of the 

neutral form is reduced to half when compared to all the other forms, this was taken into account when 

calculating the areas A
N
 in the Supplementary Table 4. 
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