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Theoretical Methods: 

Activation energies ΔEA of radical-anionic Dewar photolesion repair:  

The geometries of four different Dewar-photolesion (T(dew)C, T(dew)U, T(dew)mC, T(dew)T) have 

been optimized with the hybrid meta-GGA functional M05-2X.1 This functional shows the best reported 

performance for electron affinities and dissociation energies2 (radical anionic repair mechanism and N3-

C6 bond cleavage!). In all calculations aqueous surrounding is considered by an electrostatic continuum 

model (SCRF = PCM, H2O; ε=78.4)3 as implemented in the  Gaussian09 programm package,4 using a 6-

31G* double zeta basis set. The impact of the basis size on the calculated reaction barriers were tested 

using the larger basis sets 6-31+G* and 6-31+G** for the T(dew)C lesion. The impact of solvent 

polarity was tested choosing an unpolar dibutylether (ε=3) as second solvent. Additional calculations on 

all four Dewar-photolesion have been performed with the M06-2X functional 2 and the popular hybrid 
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exchange correlation B3LYP functional,5 for T(dew)C and T(dew)T also the hybrid GGA functional 

MPW1K,6 especially suited for transition state structures,7 was tested. 

Two different repair mechanisms of Dewar-photolesions are considered for all four Dewar 

dinucleotides.  First, the radical anionic repair (via the doublet-state) subsequent to electron injection by 

(6-4) photolyase has been investigated (see table SI1). This mechanism is supported by theoretical 

studies on model systems (the Dewar isomer of 5-Methyl-2-Pyrimidinone and unlinked Dewar 

dinucleotides)8 finding that e-injection into the lesion substantially lowers the activation energies ΔEA 

for reversion of the Dewar-bicyclus.  Experimentally it has been shown,9 that fully reduced FADH- is 

crucial for the repair of the T(dew)C lesion. As second mechanism we calculated the activation energies 

ΔEA via the singlet-state (see table SI2). 

 

The activation energies ΔEA for the radical anionic repair (see table SI1 and Fig.2) is calculated as the 

difference between the optimized radical-anionic structures, subsequent to electron injection, and the 

respective transition state of the Dewar-reversion. All stationary points were characterized by normal 

mode analysis. For the activation energies ΔEA the lowest energy structure of the dinucleotides was 

chosen. For a comparison of hydrogen-bond (H-bond) effects additional H-bond conformers were 

optimized and used for the calculation of reaction barriers in T(dew)C and T(dew)mC (see table SI1, 

indicated with † and Fig. SI1). 
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Table SI1: Activation energies ΔEA of radical-anionic Dewar photolesion repair for the four different 

substitution patterns in T(dew)C, T(dew)mC, T(dew)U and T(dew)T. All activation energies ΔEA are 

given in [eV], the standard basis-set is 6-31G* unless any other basis-set is indicated. 

† the radical-anionic Dewar-valence isomers T(dew)C and T(dew)mC can be stabilized in two different 

H-bond conformers. The different structures are shown in Fig. SI1. 

PCM Functional T(dew)C T(dew)mC T(dew)U T(dew)T 

H2O 

(ε=78.4) 
M05-2X 

0.106 

0.144 †  

0.181 

0.219 †  
0.145 0.323 

 M06-2X 0.096 0.140 0.102 0.331 

 B3LYP 0.068 0.080 0.089 0.146 

 MPW1K   0.284 - - 0.415 

 
M05-2X 

(6-31+G*) 
0.085 - - - 

 
M05-2X 

(6-31+G**) 
0.096 - - - 

Dibutylether 

   (ε=3) 
M05-2X 0.147 - - 0.202 

 B3LYP 0.051 - - 0.060 

 MPW1K 0.239 - - 0.270 
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Table SI2: Activation energies ΔEA for the Dewar-lesion reversion via the singlet-state. For the four 

different substitution patterns in T(dew)C, T(dew)mC, T(dew)U and T(dew)T the activation energies 

ΔEA are given in [eV], the basis-set is 6-31G*. 

PCM Functional T(dew)C T(dew)mC T(dew)U T(dew)T 

H2O 

(ε=78.4) 
M05-2X 1.601 1.615 1.595 1.634 

 

 

 

 

 

Figure SI1: Optimized geometries of two different H-bond conformers in the radical-anionic Dewar-

valence isomer T(dew)C. The structure of the global minimum (right) is stabilized by two H-bonds. 

Activation energies ΔEA in table SI1 marked with † correspond to the minimum structure of higher 

potential energy (left). 

 

The calculated activation energies ΔEA of the radical-anionic Dewar photolesion repair show the 

lowest barriers for the T(dew)C lesion and the highest barriers for  T(dew)T for all functionals used 

(Table SI1). The barriers for T(dew)mC lie in between. The B3LYP functional tends to underestimate 
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the reaction barriers, an effect documented in literature.10 The results for the M06-2X and M05-2X 

functionals are nearly identical. Compared to these the hybrid meta-GGA functionals, the MPW1K 

functional tends to overestimate the reaction barriers, but the ordering in the magnitude of ΔEA is 

preserved. The increase of the basis set (6-31G* vs. 6-31+G* vs. 6-31+G**) only slightly effects the 

reaction barriers ΔEA (0.106 eV vs. 0.085 eV vs. 0.096 eV). Based on this comparison the activation 

energies ΔEA obtained with the M05-2X functional and the 6-31G* basis set are used for the kinetic 

modeling of the Dewar photolesions repair process catalyzed by (6-4) photolyase  (see below). 

The calculated activation energies ΔEA of the neutral Dewar photolesion repair via the singlet-state are 

substantially increased for all four Dewar-lesions (ΔEA ≈ 1.6 eV, see Table SI2). The increase in ΔEA 

allows to exclude the repair mechanism without electron injection and emphasizes the catalytic function 

of the enzyme. 

 

QM/MM calculations: 

To investigate the influence of the surroundig on the activation energies ΔEA  we considered the Dewar-

lesion repair in the native environment of the 6-4-photolyase for the T(dew)C and T(dew)T 

dinucleotides. The recently published crystal structure of the Dewar-substrate bound 6-4-photolyase 

(pdb code: 2WQ6)9 serves as starting structure for the QM/MM investigations using the NWchem 

program package (version 6.0).11 The position of all crystal waters was preserved. 

The protonation states of the amino acids in (6-4) photolyase and DNA fragments were taken as 

tabulated by the AMBER99 12 standard parameter files in NWChem. For the FADH- - cofactor the force 

field parameters were taken from Ref. 13. The partial charges of both Dewar-dinucleotides were obtained 

by fitting the quantum mechanical electrostatic potential with the electrostatic potential (ESP) module of 

the NWchem program package, the remaining force field parameters were taken from those available in 

the AMBER99 force field database.12 To neutralize the charges, 15 Na+-Ions were added and the system 

was solvated in a rectangular box of 100 x 100 x 120 Å of SPC/E water,14 resulting in a total of 118969 
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atoms. All water molecules and the entire enzyme-DNA substrate complex were initially optimized with 

the Dewar-lesion dinucleotides represented by ESP charges. The optimization was performed by an 

alternating optimization of the MM-solvent region and the MM-(6-4) photolyase - DNA complex. In the 

initial MM-optimization the active site of the (6-4) photolyase and the tightly bound DNA substrate 

turned out to be stable, a result that has recently been also repoted by Sadeghian et al. in an elaborate 

QM/MM study on the 6-4PP.15 

The QM/MM calculations are based on a quantum representation of the respective Dewar-dinucleotide 

(61 QM-atoms in T(dew)C and 63 QM-atoms in T(dew)T, respectively) capped with hydrogen atoms in 

the Coulomb field of the entire (6-4) photolyase-DNA complex (9642 point charges). The QM/MM 

calculations are perfomed with the M05-2X functional (basis set: 6-31G*) and start with the initial 

optimization of the Dewar-lesion in the active site of the enzyme, followed by a second optimization of 

the radical-anionic form subsequent to electron injection by the (6-4) photolyase. Lesion repair was 

investigated by a relaxed potential energy scan of Dewar-to-6-4 reversion along the N3-C6 reaction 

coordinate (Fig. SI1) in the fixed enzyme active site by introducing a harmonic spring as extra potential 

energy term in the Hamiltonian. The profile of the relaxed potential energy scan served as a starting 

point for the optimization of the transtion states (TS) of the lesion repair (see Fig. SI2). The activation 

energies ΔEA for repair of T(Dew)C and T(Dew)T are defined by the difference in the QM/MM-energy 

of the localized TS and the relaxed radical anionic Dewar lesions (Table SI3). 
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Figure SI2: superimposed structures of the T(Dew)C transition state in the active site of (6-4) 

photolyase (QM/MM) and in aqueous surrounding (PCM = H2O, transparent). The root-mean-square 

displacement (RMSD) between the superimposed structures is 0.06 Å for the Dewar part of the 

molecule, 0.48 Å for both nucleosides and 0.55 Å for the complete dinucleotide. 
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Table SI3: Activation energies ΔEA of Dewar photolesion repair for the two different combinations 

T(dew)C and T(dew)T in the active site of (6-4) photolyase ((6-4) PL) derived from QM/MM 

calculations. For a comparison the ΔEA’s calculated in aqueous surrounding (see Table SI1) are  

(H2O/PCM). All activation energies ΔEA are given in [eV], functional: M05-2X, basis: 6-31G*. 

 

model T(dew)C T(dew)T 

(6-4) PL 0.158 0.256 

 H2O/PCM 0.106 0.323 
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Figure SI3: active site of the (6-4) photolyase bound with a T(Dew)T lesion. The volume of the enzyme 

is shown in green. The active site is large enough to bind lesions with a Me-group at the C5’ position. 

 

 

 

 

Kinetik model for Dewar lesion repair catalyzed by (6-4) photolyase: 

To estimate the limits for the Dewar repair we performed kinetic modeling according to the scheme 

shown in Fig. 3 (a) and Scheme SI1. The model is based on the recent time resolved data for the 6-4PP 

published by Zhong and Sancar16 and is extended to the repair of the different Dewar-lesions studied.  
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We determined the thermally activated rates of lesion repair krep using classical TST-theory 17 

,        (SI 1) 

where an unimolecular reaction on a single potential energy surface and a transmission coefficient equal 

unity have been assumed. For the activation energy ∆EA the calculated ab initio values are taken (Table 

SI1). The reactive frequency νreact  is derived from normal mode analysis and corresponds to the N3-C6 

stretch-vibration along the reaction coordinate (992 cm-1). 

With the known time constants for FADH-* deactivation kdeact (= 1/3 ns-1), the rate of electron injection 

kinj (= 1/250 ps-1) from FADH-* into the lesion and the rate of charge recombination krec (= 1/50 ps-1),16 we 

can determine the relative quantum yield of Dewar lesion repair by 6-4- photolyase as a function of ∆EA 

(see Fig. SI4), by diagonalizing the respective rate matrix. Here we assume that electron injection (kinj) 

and charge recombination (krec) for the different Dewar lesions and the (6-4PP investigated in Ref.  16 

follow equal kinetics. This assumption is justified by the identical FADH – C=O tunneling distances in 

all lesions,9 as the C=O group of the 5,6-dihydrothmidine part is not affected by the substitution pattern 

investigated in this study. 
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Scheme SI1:  Inlay: kinetic model for Dewar lesion repair by 6-4- photolyase; the relative quantum 

yield Φrel of Dewar repair as a function of the activation energy ∆EA are depicted as red line. ∆EA of the 

investigated Dewar photolesions (see Table SI1 and Table 1) are indicated with arrows. 

 

 

For efficient repair of the respective Dewar lesions krep has to compete directly with the rate of charge 

recombination krec. As depicted in Scheme SI1, we set the quantum yield for repair of the T(Dew)C 

lesion to Φrel =1. The relative repair quantum yield for the other Dewar lesions are T(Dew)U: Φrel = 

0.57; T(Dew)mC: Φrel = 0.06; and T(Dew)T: Φrel = 0 in excellent agreement with the experimentally 

determined relative quantum yields (see Fig. 1). The catalytic action of (6-4) photolyase relies on the 

electron injection properties as compared to the isolated dinucleotides no geometric changes are 

observable at the transition state. Thus the calculated transition state energies and geometries fully 

explain the experimental observations that Dewar lesion repair by (6-4) photolyase is sensitive to the 

substitution pattern of the respective lesions, especially at the C5’ position. 
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Experimental Methods: 

General  

Analytical and preparative HPLC were performed on Waters HPLC systems using Nucleodur columns 

(250 * 4 mm, C18ec, particle size 3 µm or 250 * 10 mm, C18ec, 5 µm) from Machery-Nagel. MALDI-

TOF mass spectra were recorded on a Bruker Autoflex II. The unirradiated oligonucleotides were 

obtained from Metabion GmbH (Martinsried, Germany). The final concentration of the purified 

oligonucleotides and enzyme concentrations were determined with a NanoDrop ND-1000 

spectrophotometer (Peqlab). UV-VIS spectra were recorded on a JASCO V-650 spectrometer at 25 °C 

using a 1000 µL quartz cuvette. The irradiation experiments were performed with an UV lamp ((254nm, 

Vilber Lourmat VL-215C, 2×15 W 254 nm tubes) or (365 nm Black Light, VL-315.BL, 3×15 W 365 

nm tubes)) from ltf Labortechnik GmbH & Co. KG. HPLC grade solvents were bought from Fisher 

Scientific. 

 

HPLC conditions 

Analytical HPLCs were performed on a Waters system using 3 µm C18-reversed phase Nucleodur 

columns from Machery-Nagel. Eluting buffers were buffer A (0.1 M TEAA in H2O) and buffer B (0.1 

M TEAA in H2O/MeCN 20/80). Preparative HPLC was also performed on a Waters system using 

Nucleodur columns (C18ec, 250*10 mm, 5 µm particle size) C18-reversed phase from Machery-Nagel.  

Elution was always monitored at 260 nm and 325 nm. 

 

Mass spectra 

MALDI-TOF mass spectra were recorded on a Bruker Autoflex II mass spectrometer using 3-

hydroxypicolinic acid as matrix substance. The measurement was arranged in the positive polarity 

mode.  

 

Irradiation experiments, repair assays 

Oligonucleotides containing the Dewar isomers were produced and purified using published 

procedures.18 

 

Cloning, protein expression and purification 

The (6-4) photolyase from Drosophila melanogaster was cloned and purified as described previously.19  
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Table SI4: Sequences of the irradiated oligonucleotides and MALDI-TOF mass spectrometry data, 

together with the final yield of the 6-4PP containing oligonucleotides.  

 

Number Sequence (5’ → 3’) [M+H]+ (calc.) [M+H]+ 
(found) 

ODN 1 AGGT(Dew)TGGC 2467 2466 

ODN 2 AGGT(Dew)CGGC 2452 2453 

ODN 3 AGGT(Dew)UGGC 2453 2452 

ODN 4 AGGT(Dew)mCGGC 2466 2466 

 

 

Figure SI4: Analysis of Dewar valence isomer reaction with (6-4) photolyase from D. melanogaster. a) 
5’-AGGT(Dew)TGGC-3’, b) 5’-AGGT(Dew)CGGC-3’, c) 5’-AGGT(Dew)UGGC-3’, d) 5’-
AGGT(Dew)mCGGC-3’. HPLC chromatogram of the assay containing the corresponding Dewar 
isomers and the enzyme after 1 h (I). (II) Chromatogram of the corresponding Dewar lesion containing 
oligonucleotide. (III) Chromatogram of the corresponding undamaged oligonucleotide. The assay and 
HPLC conditions are described above. The elution was monitored at 260 nm. 
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