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Abstract: Irradiation of DNA with UV-B light causes the formation of mutagenic DNA lesions sudtisassynand
trans—syncyclobutane pyrimidine dimers. DNA photolyases are flavin-dependent repair enzymes which directly
revert the mutagenicis—synpyrimidine dimers into the corresponding monomers by a light-facilitated repair reaction.

To gain deeper insight into the repair process, we recently prepared flavin-containing model compounds which are
able to mimic the repair reaction (Carell, T.; Epple, R.; GramlichAxgew. Chem., Int. Ed. Endl996 35, 620~

623). This publication now contains a detailed description of the synthesis of a series of related model compounds
and a comprehensive investigation of their cleavage properties. The results obtained help to unravel the requirements
necessary for an efficient, flavin-mediated cleavage of pyrimidine dimers and provide insight into the factors on
which the enzymatic repair process depends. The investigation of the cleavage reactioisv&jm trans—syn
andtrans—anti cyclobutane pyrimidine dimer model compounds reveal an enhanced vulnerability foistrsyn

isomer. Thetrans—syndimer is 10 times more stable. These results are comparable to those observed in a recent
study on theE. coli enzyme. The excellent solubility of some of the model compounds has allowed a medium-
dependent investigation of the flavin-initiated cleavage reaction. Increased cleavage efficiencies are observed in
polar solvents such as watef € 0.06) and acetonitrileg{= 0.05). The quantum yields decrease by a factor of 4

in solvents with very low polarity such as dioxang £ 0.01). These results are not in agreement with earlier
solvent-dependent evaluations performed with non-flavin-containing model compounds (Hartzfeld, D. G.; Rose, S.
D. J. Am. Chem. S0d.993 115 850-854). The results, however, suggest that the unusually polar flavin-binding
pocket, observed in the X-ray crystal structure of Ehecoli. photolyase, might be required to increase the catalytic
repair efficiency. Investigations of the cleavage reaction in the presence of acid and base in organic solvents emphasize
the strict requirement for a deprotonated reduced riboflavin chromophore. The determined pH values for half-
maximal (pH= 6.5) and maximal (= pH =< 9) cleavage efficiencies are in agreement with tig yalue (Ks =

6.3) of the reduced riboflavin and reveal that physiological conditions are required to reach maximum catalytic
cleavage efficiency.

Introduction by nature to remove the UV-induced photolesions from the

o ) ) genomé&. DNA photolyases are flavin-containing repair en-
The irradiation of cells with UV-B light (286320 nm) causes zymes which catalyze the efficient repair of this—syn

the formation ofcis—syncyclobutane pyrimidine dimers as the cyclobutane pyrimidine dimefs. Elegant studies of various
major photoproducts present in irradiated DNA.The structur- photolyase&®10 have provided the currently accepted mecha-
ally related, highly mutagenitans—synlesions are formed to  nigm of the repair process. The photolyase-catalyzed mono-
amuch smaller extent, predominantly upon irradiation of single- erization of pyrimidine dimers requires sunlight which initiates
stranded DNA:* Both DNA lesions are involved in the 4, electron-transfer process from a reduced flavin cofactor in
development of various skin cancers such as basal cell andi,e enzyme to the DNA damagé!12Spontaneous monomer-
squamous cell carcinomas and melanofidsThe observed jation of the resulting radical anion and transfer of the surplus

depletion of the ozone layer causes an increasing UV-B radiation gjectron back to the riboflavin cofactor concludes the catalytic
level and therefore a higher risk of skin cané@rThis scenario cycle.

fuels research interests to elucidate the mechanisms developed Although the X-ray structure of th. coli photolyasé® gives
a detailed picture of the cofactor arrangement and its protein
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Figure 1. Representation of the electron-transfer-based cycloreversion of the model compcamdi®. Reaction products are the monomars
and4. The electron donor is a reduced flavin. The parent compolirzasl2 mimic the light-driven DNA-repair process catalyzed by the enzyme
DNA photolyase.

in order to achieve almost quantitative repair efficiengy= 9,10-dicyanoanthracene sensitiz&€& In contrast, less efficient
0.6), and (2) it remains mysterious why photolyases are unablecleavage of thérans—synisomers was reported with phenan-
to recognize and efficiently repair the minor but highly threne ang-dicyanobenzene sensitiz&rand in studies using
mutagenictrans—syn photolesion* This trans—syn isomer y-radiolysis?®

poses a serious mutagenic threat, especially in organisms which  \ye have recently communicated the preparation of covalently
pOSSEESlGa single-stranded DNA genome during their life |izked flavin-containing model compound. Initial cleavage
cycle> experiments indicated a higher vulnerability of this—syn
So far, the investigation of the dependencies of the repair jsomer in the flavin-mediated monomerization process in
reaction with flavin model systems were limited to the analysis comparison to thérans—synand thetrans—anti isomer. We
of mixed solutions containing flavin derivatives and cyclobutane o report the synthesis of a series of related model compounds,
dimer models’*° These studies were hampered by IoW gerived from the parent compound® and 2, which cleave
quantum yields of the photochemical cycloreversion proagss ( photoinduced into the photosplit produ@snd4 as depicted
= 107°-10") and by the limited solubility of the reaction i, Figyre 1. An HPLC-based assay was developed, which
partners in solvents other than water. Recent solution studies, ;o5 quantification of the cleavage rates and determination

pt.atr_ftirmedl by S. DH Rose "3;.”0' cho-worI;ers, 't?] ‘;VgiCh ftlavir;_s of the quantum yields. The most active compounds feature
initiate a cleavage chain reaction, have shown that deprotona 'onquantum yields of up t¢ = 10-1—10-2, which is 2-3 orders

of thf_edre(;jucgd flavin '? ?qsmﬁ reqluweméPnt:T hés;nvﬁsﬁ'fgat'on | of magnitude higher than previously observed with flavin-

z{:a\/;e? 5()32:1?6:;?)(571 ;I ((ap?* i\BIaSl)J(raespraei?léIf:‘?cier?(r: yoa_l:kr;r;asﬁma containing solutiond’~1° The presented investigation of the

high vaI.ues however. are not i'n agreement with ﬂ;igqn‘ the monqmerllzatlon reaction shows that the ﬂavm-lnducgd_ repair
’ ’ reaction is weakly solvent dependent and most efficient in

reduced riboflavin (a = 6.3)”" and they raise the guestion of solvents possessing a high dielectric constant. This is in contrast
how photolyases achieve maximal repair efficiency under sp 'gang i . -
: : . to earlier observations made with non-flavin-containing model
physiological conditions (pH= 7). o 31 .
compounds Our results, however, suggest an explanation

The cleavage rates afis—syn trans—syn andtrans—anti A .
cyclobutane dimers were measuragsing nonflavin-containing ;?-rr;CeStur Egtsuuri")(;fptﬁg f:;\ll:r;r?g?:é% pgﬁ‘fg;ggﬁggﬁdr;g;?e

m | investi ntial cleav r iffer- . ' .
odel systemsto estigate potential cleavage rate diffe surements, performed with more stable amide-linked model

ences. The results, however, were inconclusive. Higher . e .
compounds show maximal cleavage efficiency at 784, in

cleavage rates fotrans—syn isomers were determined in th the k | f the reduced riboflavi
experiments performed with anthraquindAg-chloranil, and agreement with the know _l iA_ values o t € reduced nibotiavin
and of the cyclobutane uridine dimer lesion. This result helps
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Scheme 1. Model Compounds for the Flavin-Initiated Cycloreversion of Pyrimidine Dimers by a Light-Driven
Electron-Transfer Process
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2 All compounds were prepared from this—syn trans—syn,andtrans—anti cyclobutane uracil dimerS—77 and the flavin alcoho8 and the
flavin amine9.

to clarify how photolyases achieve nearly quantitative repair group in10 with trifluoroacetic acid anhydrid&. Reaction of
efficiency @ > 0.6) under physiological conditions. 11 with 1-bromo-2-methoxyethanel2)3° afforded 13, which

Finally, more detailed measurements of the cleavage proper-Was hydrogenated t4. The flavin synthesis developed by R.
ties of various cyclobutane uracil dimer isomers, incorporated Kuhn and co-workef$ afforded the methoxyethyl flavin5.
into the model compounds, allowed quantification of the 11€ final compound was obtained after ethylation &6 and

: dcl te for this— imidine dimer. cleavage of the methoxy protection group. Treatme@\wfth
Increased cleavage rate fof fas=syn pyrimidine dimer the pyrimidine dimer dicarboxylic acids-7 after in situ BOP’

activation of the carboxylic acids and subsequent chromatog-
raphy yielded the three bisflavin model compoudd47,and
1827 To eliminate potential intramolecular flavirflavin
gc-stacking interactior¥§ which might obscure the quantum yield
measurements, preparation of the monoflavin-substituted model
compounds19—22 was required. These compounds were
synthesized by reaction of the corresponding activated pyrimi-
dine dimer dicarboxylic acids—7 with 1 equiv of the

Results and Discussion

Design and Preparation of the Model Compounds.The
model compounds presented in Scheme 1 were designed a
previously reported’ As the lesion component, @s—syn a
trans—syn,and atrans—anti N},NY-dicarboxymethyl cyclobu-
tane uracil dimer was covalently attached to one or two flavin

chromophores. The three pyrimidine dimer dicarboxylic acids hydroxyethyl flaving and the subsequent addition of a large
5—7 were prepared as described. The structures of the threegycass of benzyl alcohol (or pentyl alcohol) to the reaction
isomers were confirmed by X-ray crystal structure analysis for pixiure.

the cis—synand thetrans—synisomers5 and6.27:3233 The synthesis of the aminoethyl-substituted fla®{Scheme
The synthesis of the hydroxyethyl and aminoethyl 6,7- 2) was required for the preparation of amide-linked model

dimethylflavin chromophore8 and9, re_qUired_ for the synthesis (34) P. Kirsch, Dissertation, Heidelberg, Germany, 1993. See also: Staab,
of the model compounds, are depicted in Scheme 2. TheH. A; Zipplies, M. F.; Miller, T.; Storch, M.; Krieger, CChem. Ber1994

i i _ 127 1667-1680.

prep.aratlc(;; of the hydrqugthyl flavin Wa.s recently Co.m (35) Roblin, R. O.; Lampen, J. O.; English, J. P.; Cole, Q. P.; Vaughan,
municated:” The synthesis includes protection of the amino ; g'3' am. Chem. S0d945 67, 290-294.
(36) Kuhn, R; Weygand, FBer. Dtsch. Chem. Ge4934 67, 1409~

(32) Carell, T.; Epple, R.; Gramlich, \Helv. Chim. Acta manuscript 1413. Kuhn, R; Weygand, PBer. Dtsch. Chem. Ged.935 68, 1282
in preparation. 1288.

(33) Cochran, A. G.; Sugasawara, R.; Schultz, PJ@&m. Chem. Soc. (37) Castro, B.; Evin, G.; Selve, C.; Seyer,®nthesid977, 413-469
1988 110, 7888-7890. Jacobsen, J. R.; Cochran, A. G.; Stephans, J. C.;  (38) Slifkin, M. A. In Charge-Transfer Interactions of Biomolecules
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Scheme 2
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3(a) (CRCO)0, room temperature (rt), 90%b) 1-bromo-2-methoxyethafe(12), K,COs;, DMF, 100°C, 89%; €) H., Pd/C, HOAC, rt; ()
HOAC, boric acid, alloxane monohydrate) Etl, K.COs, DMF, rt, 83%; €) BBr3, CH.Cl,, 0 °C, 81%; @) 1.7 equiv of 1-(bromoethyl)phthalimide
(23), 175°C, 23.5%; h) H,, Pd/C, HOAc, 5C0°C; (i) alloxane monohydrate, B(OB)HOAC, rt, 47%; {) Etl, K,COs, DMF, rt, 86%; K) concentrated
HCI, reflux, 92%.

compounds required for measurements at high pH values.
Reaction of10 with (1-bromoethyl)phthalimide23) afforded

the phthalimido anilid24. Hydrogenation oR4in acetic acid

and treatment of the resulting aniline derivat®&with alloxane

and boric acid in acetic acid yielded the flavin derivatR@
which was ethylated at N(3) with ethyl iodide to gi2& Due

to the instability of the isoalloxazine of phthalimi@Z in the
presence of hydrazir@we cleaved the phthalimide moiety by
refluxing compound7 in concentrated HCI and isolated the
target compoun@® as its stable hydrochloride salt. The flavin
ethylamine9 could be condensed withis—syn cyclobutane
uracil dimer dicarboxylic acicb to afford 2 by using in situ
BOP®7 activation of the carboxylic acids and very slow addition wavelength (nm)

of triethylamine to the reaction mixture. To perform measure- Figure 2. Fluorescence spectra of compot2&iin H,0 (10-5 mol/L)
ments in nonpolar solvents such as dioxane, the monoflavin (— 2g oxidized: - - -, 28 reduced) after addition of either sodium

cps/ 1E6

T T T ™
550 600 650 700

1
500

monopentylamide model compoug8was prepared in a similar
fashion through reaction of tleés—syncyclobutane dicarboxylic
acid5 with 1 equiv of the flavin ethylamin® and subsequent
quenching of the reaction mixture with pentylamine.

dithionite solution or after reduction performed with hydrogen and Pd/
barium sulfate catalyst (excitation at 450 nm).

ated. Due to the amphoteric character of the reduced ftatin

The ethyl group at the flavin-N(3) center is the only difference and t_he observation that efficignt cleavage of pyrimidine dimers
between the substitution pattern of our model compounds andrequires a deprotonated flavin chromophtt&) the aqueous
of the reaction partners (FAD chromophore and the dimer in reduction solutions were buffered at pH 8.0 with 0.5 M i€l
damaged DNA) involved in the natural enzymatic repair process. to ensure the predominant presence of the deprotonated, reduced
The ethyl group increases the solubility of the model compounds flavin species (Ka = 6.3). Inapolar media reduction of the
without affecting the redox potential of the riboflavin chro- model compounds was achieved catalytically with hydrogen and
mophore®® In addition, the X-ray crystal structure of tie Pd on barium sulfate. To ensure that the catalyst causes no
coli photolyase reveals no hydrogen bond between the enzymeinterference W|_th _the measurements, varying amounts of _catalyst
and the flavin-N(3)-H position, which could alter the redox Were added-within the generally used ranggo the reaction
potential of the isoalloxazine unit in the photolyase flavin- Mixture. Similar cleavage rates were determined within the
binding pocket3 experimental error. This catalytic procedure yields clear and

Investigation of the General Cleavage PropertiesFor the optical_ly transparent solutions below 3_50 nm, which enables
photolysis experiments ipolar media we prepared. 16 M exclusive excitation of the reduced flavin chromophores at all
solutions of the model compounds in water, ethylene glycol, or required Wavelengt_hs. In these measurements, deprotqna’uon
DME. In these solvents. the flavin chro’mophore is eas’ily of the reduced flavins was accomplished with triethylamine.

reduced by addition of aqueous sodium dithionite solution. This strﬁﬁ cljezli(r;r?iarﬂslr?eglgflig r%a, dﬁ‘éig:oﬁﬁg eglfswzgtphz ?:?)Tnpllit:as
method affords clear solutions which were subsequently irradi- gy ) P

(41) Ghisla, S.; Massay, V.; Lhoste, J.-M.; Mayhew, B3ochemistry
1974 13, 589-597.

(42) Two excellent flavin reviews: Bruice, T. @cc. Chem. Red4980
13, 256-262. Walsh, CAcc. Chem. Red98Q 13, 148-155.

(39) Ing, H. R.; Manske R. H. Fl. Chem. Sacl926 2348-2351.
(40) Breilinger, E.; Niemz, A.; Rotello, V. MJ. Am. Chem. S0d.995
117, 5379-5380.
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Figure 3. Irradiation experiment performed wi28in MeOH (3 mL

of a 10“ mol/L solution). Reduction was performed by catalytic
hydrogenation with Pd/barium sulfate catalyst. Addition of 800f

NEt; (0.1 M final concentration) ensured complete deprotonation of
the reduced flavin chromophores (irradiation at 366 nm). (A) HPLC
chromatograms obtained after 0, 2, 4, 6, 9, 12, 15, and 18 min of
irradiation (Lichrosphere 100/5 column from Macherey-Nagel). Solvent
systems: 55% A and 45% B over 9 min, then switching to 80% A and
20% B for an additional 19 min (A, methanol; B, water) (detection at
450 nm). Retention times: 7.3 min (cleavage prodjctl7.4 min
(model compound®28). (B) Plot of relative peak areas vs time and
curve fits obtained with an exponential rise to maximum and an
exponential decay function.

reduction of the sample to be monitored during a photolysis
experiment!=43 As a result of the small, but significant UV
spectroscopic differenct&s(vide infra) of the various species
(oxidized, reduced, and reduced and deprotonated), the proto
nation state of the isoalloxazine moiety could be determined
precisely before each measurement in all solvents tked.

Epple et al.

5x10

5x10

concentration (mol/L)
Figure 4. Concentration dependence of the overall splitting quantum
yield (¢) determined with the model compour28. The irradiation

experiment was performed in ethylene glycol at 366 nm; reduction was
achieved with aqueous dithionite solution (pH 8.0).

the amount o228 (elution time~ 17 min) and the increase of
the photoproduct (elution time~ 8 min) are clearly evident.

In an effort to quantify the cleavage efficiency, peak areas were
integrated and standardized by division through the total peak
area. These normalized values were plotted against time as
shown in Figure 3B for the measurement presented in Figure
3A. The data points for the amount of starting mate2&ere
fitted with an exponential decay function. An exponential rise
to maximum function was required to fit the data points obtained
for the amount of photocleaved produtt This proves that

the cleavage reaction obeys first-order kinetics, as expected for
a purely intramolecular process.

Additional control experiments confirmed the intramolecu-
larity of the cleavage process: (1) Irradiation of mixtures
containing reduced methoxyethyl flavité and thecis—syn
cyclobutane uracil dimer dibenzyl esters gave no carboxy-
methyl uracil benzyl ester, even after prolonged irradiation, and
(2) a concentration-dependent investigation of the quantum yield
performed with thecis—synmodel compoun@®8 indicated no
change of quantum yields betweerr3@nd 10° M concentra-
tions within experimental error (Figure 4). At concentrations
of approximately 10* M, higher quantum yields with a smaller
error were obtained because the integration of HPLC peaks was
the most precise in this concentration range. Therefore} 10
M solutions were used for all further measurements.

Two additional control experiments were performed to
validate the strict requirement of a reduced flavin sensitizer:

The reduced and deprotonated samples are stable in the dark,(,l) Irradiation of the cyclobutane uracil dibenzyl ester alone or

in the presence of reducing agents yielded no photoproduct, and

in an inert atmosphere for several hours as determined by TLC"' ¥ = - ; ;
and by reverse-phase HPLC chromatography of a reoxidized 2) |rrad|a'§|on of the model compounds without prior reduction
sample. Upon exposure to daylight or to monochromatic light of the fIaV|r_1 chr_onr_lophore gave no photoconversion even after
of, for example, 366 or 400 nm, however, ttie—synand the ~ Prolonged irradiation.
trans—synmodel compounds react cleanly to give only one new  T0 calculate the quantum yields (¢ = number of photo-
product. Analysis of the reaction mixture by reverse-phase cleaved model compounds/number of absorbed photons), the
HPLC and co-injection of the synthesized expected reaction initial rates for the cleavage reaction were extracted from the
products3 or 4 confirmed that the light-dependent cleavage fitted curve. The intensity of the light beam was measured by
reaction yields only8 and4, even after prolonged irradiation. ~ ferrioxalate actinometr§:“> The number of photons absorbed
The splitting rates for the photoinduced cleavage reactions Py the model compound was calculated using the absorbance
were determined by reverse-phase HPLC analysis of aliquotsOf the irradiated sample at 366 nm, determined prior to the
removed from the irradiated reaction mixture and immediately Measurement. Quantum yields were calculated on the basis of
reoxidized .by exposure to oxygen. The Series of F:hromatograms (44) Hatchard, C. G.; Parker, C. Rroc. R. Soc. Al956 235, 518
presented in Figure 3A were obtained upon irradiation of model 53¢

compound28 in methanol. The time-dependent decrease of  (45) Braun, A. M.; Maurette, M. T.; Oliveros, E. IRhotochemical
TechnologyJohn Wiley and Sons: England, 1991; pp-8L. Murov, S.

L. In Handbook of Photochemistriiarcel Dekker: New York, 1973; pp
119-123.

(43) Dudley, K. H.; Ehrenberg, A.; Hemmerich, P.;"Néw, F. Helv.
Chim. Actal964 150, 1354-1383.
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Figure 5. Dependencies of quantum yield on the configuration and
constitution of the cyclobutane ring. Tlrans—anti (18 and21), trans—
syn(17 and20), andcis—syn(1, 19,and22) model compounds were
measured in ethylene glycol with irradiation at 366 nm. Reduction was
performed with aqueous dithionite solution (pH 8.0).

these results. All photolysis measurement was performed three.
times, and the averaged data gave an individual error for each

measurement a£8%. Measurements of the parent compounds
1land2in water at pH 8.0 revealed a remarkably high quantum
yield of ¢ = 0.064. This is 23 orders of magnitude higher

than the quantum yields obtained previously in experiments

performed with mixed solutions of riboflavin derivatives and
cyclobutane pyrimidine dimefd-1° The present molecules are
therefore the first caalently linked flasin—pyrimidine dimer

model compounds which are able to mimic the enzymatic repair

reaction.

Cleavage of the Cyclobutane Pyrimidine Dimer Depending
on the Configuration and Constitution. The photoinduced
splitting properties of the three bisflavin model compoutids
17,and18, which contain ais—syn atrans—syn,or atrans—
anti cyclobutane uracil dimer, were analyZ&dAll compounds
were dissolved in ethylene glycol (sodium dithionite reduction,
buffered at pH 8.0) and irradiated at 366 nm (Figure 5).

Remarkably different cleavage efficiencies were observed for
the three isomers. The fastest cleavage, with a quantum yield

of ¢ = 0.034, was observed fdy, which contains theis—syn
cyclobutane uracil dimer. Under identical conditions, a quantum
yield of only ¢ = 0.003 was measured for the corresponding
trans—syncompoundl7, which is thus approximately 10 times
more resistant toward the flavin-induced cycloreversion. In
agreement with earlier observatiofthe trans—anti cyclobu-
tane uracil dimerl8 is unable to undergo the cyclobutane
cleavage, even after prolonged irradiation. All three model
compoundsl, 17, and 18 were also measured in acetonitrile
and in ethanol (data not shown) to exclude the possibility of

J. Am. Chem. Soc., Vol. 119, No. 32, 7993

syndimer-containing model compound8 and22. Due to the
absorption of the dithionite at the irradiation wavelength of 366
nm, we checked the results with all model compounds by
irradiation at 400 nm, where the dithionite absorption is
negligible. Irradiation at 400 nm and also with white light,
however, yielded the same relative cleavage rate differences for
the cis—syn the trans—syn, and thetrans—anti cyclobutane
uracil isomers.

On the basis of our measurements, we conclude that the
different flavin-initiated cleavage rates of the three investigated
isomers are determined solely by the different cyclobutane
constitutions and configurations. The observed increased stabil-
ity of the trans—syn isomer most likely also effects the
repairability of the naturatis—synandtrans—synDNA lesions
by the enzyme DNA photolyagé? For the enzymatic process,

A. Sancar and co-workers determined a very low and probably
unspecific binding of therans—syn isomer by theE. coli
photolyases, with a drastically reduced repair quantum yield of
¢ = 0.003 (comparep > 0.6 for thecis—synisomer)* Our
result suggests that the inherent stability oftifa@s—syndimer
might be another factor influencing the low enzymatic repair
efficiency.

To gain deeper insight into the possible reason for the
increased vulnerability of theis—syndimer toward the flavin-
mediated cleavage reaction, we analyzed the crystal structures
of the cis—syn and the trans—syn isomers for significant
differences. C. Pac et al. explained different cleavage rates in
oxidative processes as being due to different through-bond
interactions of the relevant orbitals in the three isonierghe
crucial orbitat-orbital overlaps depend critically on the dihedral
angle between the interacting orbitals and therefore on the ring
pucker. C. Pac suggested that the sterically encumhzsed
syndimer causes an increased orbital overlap, which then results
in a higher cleavage rat&4’

In the generally accepted view of the reductive splitting
process, the donated electron initially occupiesAtieorbital
of the G=0 bond?#84° Delocalization of electron density into
the antibonding C(5}C(5) o* orbital weakens this bond and
causes the initial bond breakage. For our system, the interaction
between the C(¥=0(4) and C(4¥0(4) * orbitals and the
C(5)—C(5) o* orbital is therefore of crucial importance for the
cleavage efficiency. Upon electron uptake, the €G}5) bond
strength could be reduced by different extents in both isomers.
This might then cause different cleavage rates. The analysis
of the X-ray crystal structurésof the cis—synand thetrans—
syncyclobutane uracil dimer dibenzyl esters reveals, as expected,
only very small differences of the cyclobutane bond lengths
and torsion angles. The orientation of the G£©(4) double
bond relative to the C(5)C(5) bond is, however, significantly
different. In both isomers, the descriptive torsion angles ©(4)
C(4)—-C(5)-C(5) differ on one side of the dimer by ap-

(47) Pac, C.; Ohtsuki, T.; Shiota, Y.; Yanagida, S.; SakuraiBHill.

solvent effects. In these solvent systems, similar quantum yield Chem. Soc. Jpri986 59, 1133-1139. Semiempirical calculations predict

differences were observed for the three cyclobutane uraci
dimers. Again, thecis—syn isomer was found to be ap-
proximately 10 times more sensitive toward electron-transfer-
induced cycloreversion.

Since flavins are known to build-stacked aggregatés,
which might obscure the electron-transfer stepye also
investigated the cleavage properties of the four monoflavin
model compound$9—22, in which an intramolecular stacking
of two flavin units is impossible. As depicted in Figure 5
increased cleavage rates were again determined focighe

(46) Marcus, R. A.; Sutin, NBiochem. Biophys. ActB985 811, 265~
322.

[ unfortunately an almost planar cyclobutane ring and are therefore not able

to simulate pucker determined effects. We performed a transition state search
using GAMESS(USP on the UHF/PM3 level. For both isomers, the
transition states corresponding to the G{6)5) bond cleavage were found.
Frequency analysis verified that the stationary points corresponded to first-
order transition states. The activation energies were obtained as the
difference between the transition state energies and the energies of the
corresponding UHF/PM3-minimized anions. The calculations yielded as
expected comparable activation energies of 3.9 kcal/mol forcisiesyn
and 3.6 kcal/mol for thérans—synisomer4° which underlines the inability
of semiempirical calculations to reproduce the observed cleavage rate
differences.

(48) Splitting rate in a dimethylaniline model system: Yeh, S. R.; Falvey,
D. E.J. Am. Chem. S0d.99], 113 8557-8558.

(49) Voityuk, A. A.; Michel-Beyerle, M. E.; Rsch, N.J. Am. Chem.
Soc 1996 118 9750-9758.
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Table 1. Calculated Mayer Bond Ordétsfor the Neutral Dimer
and Its Radical Anion, Based on the X-ray Crystal Structure of the 28
Dibenzyl Estet” 3?2 with RHF/4-31G-Optimized Hydrogen Atoms as 7
Input Geometry (Program: GAMESS(US)) ? 6.2
neutral dimer anionic dimer 6 ]
C(5)-C(5) C(6)-C(6) C(5)-C(5) C(6)—C(6)
isomer bond bond bond bond
cis—syn o O
UHF/STO-3G  0.958 0.945 0.884 0.940 « 100
UHF/6-31G* 0.947 0.938 0.778 0.936
UHF/DZV 0.850 0.852 0.692 0.857 44
trans—syn
UHF/STO-3G 0.963 0.931 0.906 0.924 3
UHF/6-31G* 0.964 0.914 0.826 0.924
UHF/DZV 0.890 0.870 0.748 0.884 E
o |
proximately 20! To investigate how this difference might DMF Etgl  HO/Etgl H,O/Egl H,O/Etgh Ho0
influence the cleavage properties, ab initio calculations were l:2 11 201

performed using the program GAMESS(U8).The X-ray Solvent
crystal structures were used as geometries for modeling both )

the neutral molecules and their radical anions. The calculated;'9ure 6. Measurement of the dependency of the guantum yield on
Mayer bond orders are listed in Tabl& Electron transfer to ¢ Polarity of the medium with the model compoungisand 28

both i Its in th d reducti f th Irradiation was performed at 366 nm; reduction was achieved by the
oth isomers results in the expected reduction of the -€(5) addition of aqueous dithionite solution buffered at pH 8.0. The

C(5) bond orders. The decreases in bond order were calculatedneasurements were performed in water78.3), in water/ethylene
to be approximately 19% for theis—syn isomer and, on  glycol (Etgl) mixtures, in pure ethylene glyca! &€ 37.7), and in DMF

average, only 15% for theans—syndimer. The calculations (e = 36.7)52

therefore show the expected trend. The bond weakening is more ]

pronounced in theis—syndimer radical anion, and this isomer 1 aple 2. Solvent Dependence of Quantum Yields for Compound
is cleaved 10 times faster than ttns—syn dimer. More

detailed calculations are now required to fully understand and solvent & @°
to quantify the increased lability of theis—syn isomer. 1,4-dioxane 2.21 0.016
Nevertheless, the rudimentary bond order calculations suggest benzene 2.27 c
an attractive preliminar explanation for the observed rate ethyl acetate 6.02 0.024
. 5 tert-butyl alcohol 12.47 0.037
differences
. ethanol 24.55 0.044
Medium-Dependent Measurements of the Cleavage Reac- methanol 32.66 0.040
tion.52 To investigate how the polar flavin-binding pocket of acetonitrile 35.94 0.046

the E. coli photolyase might influence the cleavage reaction, - PR - —
- . a Relative permittivity (dielectric constant) for the pure liquid at 25
medium-dependent measurements were performed with theoss: b Quantum yields of model compourg8. < No quantum yield

monoflavinr—-monopentylamide model compou8. To vali- detectable even after prolonged irradiation.
date the results, further measurements were carried out with
the bisflavin model compouna. In addition, the cleavage efficiency was measured in various

Initially, the cleavage efficiency was investigated in pure organic solvents. The model compouf8 was catalytically
water and the polarity of the medium was reduced by addition reduced, and triethylamine (56, final concentration 0.1 M)
of ethylene glycol or ethanol (data not shown): these solvents was added to ensure complete deprotonation of the flavin
possess similar characteristics but have different dielectric chromophore (determined by UV/vis spectroscopy). The quan-
constants. We also measured the cleavage efficiency in puretum yields calculated for the cleavage reaction in various organic
ethylene glycol and in DMF (Figure 6). The required aqueous solvents are given in Table 2. In these measurements, com-
solutions were buffered at pH 8.0. UV/vis measurements pound28features the highest quantum yields in the most polar
performed prior to the irradiation experiments ensured complete solvents. A gradual decrease of the cleavage efficiency was
reduction and deprotonation of the flavin units. The highest observed in organic solvents as a function of decreasing polarity.

guantum yield ¢ = 0.062) in the cleavage reaction 28 was The irradiation experiments performed in organic media
obtained in pure water. Upon addition of ethylene glycol, a support the results obtained in water/ethylene glycol mixtures
gradual decrease of the quantum yield was observedqirtil and suggest that the appearance of highly charged intermediates

0.033 was reached in pure ethylene glycol. The systematic during the cleavage reaction is unlikéfy.We observe only a
reduction of the medium polarity results in a significant decrease 4-fold decrease of the quantum yield over the entire polarity
of the quantum yield for the cleavage reaction. Decreasing therange investigated. The best cleavage efficiencies were ob-
solvent polarity extends the half-life of the model compound served in polar media. The result of the polarity-dependent
28from 10 min in water to 20 min in ethylene glycol. A second measurement is in perfect agreement with the X-ray crystal
series of measurements performed with the bisflavin amide structure of theE. coli photolyase, which shows a riboflavin
model compoundz_ (Figure 6) confirmed the ,sma" solvent (52) Reichardt, C. Iisokent and Salent Effects in Organic Chemistry
dependence and increased cleavage rates in the most polaycH: ‘Weinheim, Germany, 1988.

solvent mixture IdO/ethylene egCOI (2;1)_ (53) Another explanation for the observed solvent effects is that the

conformation of the cyclobutane uridine dimer is altered in different media.
(50) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;  Although this cannot be ruled out, the descriptive torsion ©@&)—

Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; C(5)—C(5), which is responsible for the orbital overlap, must change by

Su, S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J.JAComput. Chem. several degrees in order to influence the cleavage rate by a factor of 4. We

1993 14 (11), 13471363. believe currently that such a torsion angle change, within a rigid cyclobutane
(51) Mayer, l.Int. J. Quantum Chenil986 29, 477—-483. pyrimidine dimer framework, is unlikely.
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Figure 7. UV spectra of the model compoura8 in H,O (105 mol/ . B
L): reduction was performed by catalytic hydrogenation over Pd/barium
sulfate catalystt, oxidized28 (pH 3—10); - - -, reduced8 (pH 3—5);

-+, reduced28 (pH 6); - - -, reduced8 (pH 7—10)]. Citrate buffers
(0.5 M) were used for pHs 3, 4, 5, and 6. THEI buffers (0.5 M)
were employed for pHs 7, 8, 9, and 10.

cofactor tightly bound in an unusually polar binding pocket by x 100
an array of hydrogen bond3. A salt bridge is oriented parallel 2
to the isoalloxazine chromophore within van der Waals contact.
Several water molecules are in close proximity to the isoallox-
azin ring system, and both heterocycles of the FAD cofactor
are partly solvent-accessible through an opening in the surface
of the enzyme. The fact that the amino acids involved in the no addings + 50 uL NEtg

flavin-binding pocket are highly conserved in all eight known  gigyre 8. (A) pH dependence of quantum yields measured @&in
microbial photolyases suggests that the polar environment of 4,0 at different pH values (0.5 M citrate buffers for pHs 3, 4, 5, and
the cofactor is of general importance for the enzymatic repair 6; 0.5 M TrisHCI buffers for pHs 7, 8, and 9; 0.05 M phosphate buffers
reactiont® On the basis of the solvent-dependent studies, we for pHs 10 and 11). The value at pH 11 possesses a greater error due
presume that this polar environment might be in part responsible to beginning of decomposition of the model compound. (B) Measure-
for the high catalytic efficiency observed for these enzymes. ment of the quantum yield ¢f8 in acetonitrile, ethanol, and dioxane.
We believe that the solvent effect measured with our model Right side: in the presence of triethylamine. Left side: in the absence
compounds is related to the ability of the system to deprotonate ©' triethylamine.
the reduced riboflavin. The reduced riboflavin has a Id&¢ p  triethylamine. In solutions without base, the measured photo-
value (K, = 6.3)2! allowing it to be readily deprotonated under cleavage is very low. Addition of acetic acid during an
physiological conditions, thus generating a negatively charged irradiation experiment caused the immediate termination of the
electron donor (FIH). pH-dependent measurements were cleavage reaction. Thus the reduced, neutral riboflavin species
carried out to further investigate the dependence of the cleavagds unable to perform photocleavage. This observation is in
reaction in our model compounds on the degree of protonation agreement with earlier measurements performed by S. D. Rose
of the reduced flavin. and co-worke® and by M. S. Jor# with flavin and cyclobutane
pH-Dependent Measurements of the Cleavage Reaction.  pyrimidine dimer solutions. Supporting results were obtained
The cleavage reaction was investigated in water at various pHby measurements performed with buffered aqueous solution.
values and in different organic solvents such as acetonitrile, Here, we observed negligible splitting below pH 5 and maximal
ethanol, or dioxane in the presence of acetic acid or triethy- splitting efficiencies above pH 7. The half-maximal quantum
lamine. The degree of protonation of the reduced flavin was yield was observed around pH 6. In contrast to earlier stifflies,
closely monitored by UV spectroscopy. Figure 7 depicts the the model compounds are repaired with close to maximum
UV spectra obtained from 18 M solutions of oxidized®8 and efficiency at pH 7. These results show that maximal cleavage
the hydrogenated model compoug8 below pH 5 (neutral efficiency is reached under physiological conditions. At pH 9,
species), at pH 6, and above pH 7 (deprotonated species). Thahe cleavage efficiency decreases again, possibly due to the
measured spectra are in agreement with tkgvalue of 6.3 deprotonation of the cyclobutane uracil dimer uniK{p=
determined for the reduced riboflavin and with literature spectra 10.7)1° Above pH 11, decomposition of the model compounds
obtained for similar flavin speci¢8. In organic media, we  was observed, thus preventing further measurements.
observed the reduced and protonated flavin species directly after Conclusions of the Solvent and pH-Dependent Measure-
catalytic reduction and also in the presence of acetic acid. ments. Earlier medium-dependent measurements with model
Addition of triethylamine yielded the deprotonated form, as compounds which possess an arylamine- or indol-type electron
determined by UV spectroscopy. These solutions{M) were donor, instead of a reduced and deprotonated flavin cofactor,
then irradiated at 366 nm. The calculated quantum yields are showed increased cleavage efficiencies in nonpolar media such
depicted in Figure 8A,B. In organic solvents, efficient splitting as hexane/dioxane (95:8)2° These previously investigated
of the cyclobutane ring is strictly limited to solutions containing [Donor—Dimer] systems yield a zwitterionic intermediate
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Scheme 3. Schematic Representation of the Cleavage X-ray structure of theE. coli enzymé? may be required to
Process in a Donor Cyclobutane Pyrimidine Dimer System  maximize the repair efficiency. The dependence of the cleavage
(Donor-D) and in a Flavin Cyclobutane Pyrimidine Dimer  reaction on the protonation state of the reduced flavin is in
System (FIH-D) (D, Dimer; M, Monomer) agreement with earlier observatiéh®and underlines the strict
FH. D -H FH D _hv M Dimer —= FIH - M+ M necessity to deprotonate the reduced flavin chromophore. The
2 - - model compounds reveal maximal repair efficiency under
physiological conditions (pH 7), which is in agreement with
the K, value of 6.3 for the reduced riboflavin. Above pH 9,
[Donor —Dimert] after photoinduced electron transfer to the thg guantum yield decreases, due to deprotonation of the dimer
dimer unit. It is currently believed that this intermediate YNt
possesses a high driving force for an unproductive reversal of The spectral region between 190 and 360 nm is currently
the electron-transfer process, which then regenerates the [Donor Not accessible in measurements performed with the enzyme
Dimer] state232° On the basis of the observation that the because the enzyme requires sulfite containing buffers for the
cleavage in these systems proceeds most efficiently in nonpolarreduction of the enzyme-bound flavin. Reduction of our model
media, it was postulated that the competing back electron compounds by catalytic hydrogenation enables the preparation
transfer might be slowed in the Marcus inverted regn. of active model compound solutions with an optical transparancy
tonated flavin to the pyrimidine dimer [FiH-Dimer] results the investigation of transient intermediates which possess
in a simple shift of the negative charge from the flavin unit to absorption bands in this spectral region and the measurement
the dimer [FIH—Dimer] as depicted in Scheme 3. The of their lifetimes by picosecond laser photolysis spectroscopy.
occurrence of a [FIM-Dimer] intermediate, which is not The results of these measurements will be reported in due
significantly more or less polar than the initial state, is strongly COUrS€.
supported by the minimal medium dependence observed for the
cleavage reaction (factor four). Such an intermediate was Experimental Section

previously SUQ.geSted. by T. Ok.am.ura etal. based on picosecond General Methods. All materials were obtained from commercial
laser photolysis studie$. The lifetime of the [FIM-Dimer] suppliers and were used without further purification. Solvents of
state is of crucial importance for the efficient photoinduced technical quality were distilled prior to use. The aqueous buffers were
cycloreversion of cyclobutane pyrimidine dimers by reduced prepared using deionized distilled water. For reactions under an inert
and deprotonated flavins. The [FIHDimer~] intermediate can gas atmosphere, nitrogen of standard quality was used. For analytical
either split to yield [FIH—M + M] or can collapse by a back  thin layer chromatography, precoated silica gel plates (Merck 60-F254)
electron transfer to give [FIH-Dimer]. Due to the nonzwit- ~ were used. Staining of amino compounds was performed with
terionic character of this intermediate, a much smaller driving Ninhydrin. Flash chromatography was performed using Silica gel
force is expected for the unproductive charge-shift reaction. (Merck, 0,046-0.063 mm) and Silica gett (Fluka, 0.005-0.040 mm).
These considerations and the medium-dependent measuremen%e't'ng points are uncorrected and were determined ofl@hBSmp
seem to exclude the “Marcus inverted region” argument as an >>" IR spectra were recorded on a Perkin-Elmer 1600 FT-IR using

| ion for the hiah i effici in flavin/pvrimidi KBr pellets or CHCJ solutions. UV spectra were recorded on a Varian
explanation for the high repair efficiency in flavin/pyrimidine Cary 5 UVvis spectrophotometer in 1 cm quartz cuvettes. Fluorescence

dimer systems. It is possible, however, that the polar environ- gpectra were measured on a Spex 1680 0.22 m double spectrometer
ment and the known stability of the FADHare the crucial  with a bandwidth of 3.4 nm in 1 cm quartz cuvettes. NMR spectra
factors influencing the stability of the [FADHDimer] were recorded on a Varian Gemini 200 (200 MPH), 50 MHz (3C)),
intermediate. In the enzymatic case, the FAD$lknown to Varian Gemini 300 (300 MHz'H), 75 MHz (3C)), and Bruker AM-

be exceptionally well stabilized if bound in the enzymatic 500 (500 MHz {H), 125 MHz (*C)). The chemical shifty) is reported
binding pockef, and most purified photolyases contain the in parts per million downfield from tetramethylsilane (TM&,= 0
riboflavin cofactor in its neutral blue radical form. This PPmM). Altermatively, the resonance of residual solvent protons were

N . . . used as the reference. El-mass spectra and FAB-mass spectra were
Lﬂg'%ﬁ;;ég%??:pgﬁg;?;;?!? might also be important for measured by the staff of the mass spectrometry facilities of the ETH

Zurich on a Hitachi-Perkin-Elmer VG TRIBRID with 70 eV ionization
Summary and Outlook. The model compounds presented energy (El) and on a ZAB-2 SEQ with 3-nitrobenzyl alcohol as the

herein mimic the photoinduced, reduced flavin-dependent cleav- matrix (FAB). Elemental analysis were performed by the microanalysis
age of cyclobutane pyrimidine dimeks € 0.06). This process  |aboratory of the ETH Zurich. HPLC chromatograms were obtained
is exploited by nature to remove the harmful cyclobutane with a Knauer HPLC instrument (HPLC pumps 64, Knauer variable-
pyrimidine dimer lesion present in UV-B-irradiated DNA. The wavelength UV detector, Knauer degasser) using HPLC grade solvents.
investigation of the cleavage reaction with differently configured  N-(2-Methoxyethyl)-4,5-dimethyl-2-nitroaniline (13). 1-Bromo-
cyclobutane uracil dimers revealed an enhanced cleavage2-methoxyethari (12) and 4,5-dimethyl-2-nitroN-(trifluoroacetyl)-
efficiency for thecis—syndimer, which is the major substrate  aniline®® (11) were prepared according to the literature. A solution
for DNA photolyases. Th&ans—syncyclobutane uracil dimer ~ €ontainingl1 (8.00 g, 30.5 mmol) and 4CO; (16.0 g, 116 mmol) 100
demonstrates an increased resistance toward flavin-induced™- in DMF (100 mL) was heated to 100. At this temperature,
reductive cycloreversion. This resistance might be one factor 1-bromo-2-methoxyethanel) (12.0 g, 86.3 mmol) was carefully

infl ina the lowt _ . tivity ob d for th added. The solution was kept at reflux temperature for additional 90
influencing the lowirans—synrepair activity observed for the min. Then the solvent was removed in vacuo. Water was added to

E. coli D'NA_photolyasel.“ the residual material, and the slurry was extracted with 250 mL of
Investigation of the solvent-dependent cleavage processcHcl, three times. The combined organic layers were dried with

revealed that reaction rates increase in polar media. ThesemgsQ, filtered, and concentrated in vacuo. lIsolation of the product

studies show that the polar flavin environment observed in the by silica gel flash column chromatography ¢ 12 c¢cm, toluene—

1) Ok TS 2 Heslis P.F-Berlev T P Hiraa. Y - toluene/EtOAc (10:1)) affordedl3 (6.12 g, 89%) as an orange solid:
Maiaga, N.J. Am. Chom. S0d901 113 3143 3146, Essenmacher 1~ MP 33-35 °C; IR (CHCE) 3378 (w), 3011 (w), 2922 (w), 1632 (s),
Kim, S.-T; Atamian, M,; Babcock, G. T.; Sancar, &. Am. Chem. Soc. 1974 (S), 1507 (s),1409 (m), 1336 (m), 1241 (s), 1156 (m), 1121 (m),
1993 115 1602-1603. Rustandi, R. R.; Jorns, M. Biochemistry1995 1022 (w), 1006 (w), 850 (w) crt; *H NMR (200 MHz, CDC}) 6
34, 2284-2288. 2.18 (s, 3 H), 2.27 (s, 3 H), 3.43 (s, 3 H), 3.49.Jt= 5.4 Hz, 2 H),

Donor—-D === Donor’ -D° —= Donor-M+M
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3.67 (t,J=5.4 Hz, 2 H), 6.64 (s, 1 H), 7.93 (s, 1 H), 8.10 (m, 1 H);

13C NMR (50 MHz, CDC}) 6 18.73, 20.91, 43.01, 59.31, 70.84, 114.38,

114.43, 124.86, 126.88, 144.40, 147.53; EI-MS (70 &V 224 (20,

M — H*), 179 (100, [M— NO3*), 106 (15), 28 (6).
10-(2-Methoxyethyl)-7,8-dimethyl-10H-benzofg]pteridine-2,4-di-

one (15). A suspension of Pd/C catalyst (50 mg) in AcOH (2 mL)

was slowly added to a solution @8 (3.00 g, 13.3 mmol) in 50 mL of

AcOH. The mixture was sparged with hydrogen and stirred for 15 h

J. Am. Chem. Soc., Vol. 119, No. 32, 7999

bromoethyl)phthalimide 23, 8.00 g, 31.5 mmol) were mixed and
pulverized. This solid material was heated in a culture tube afC75
for 5 h. The melted solids were allowed to cool to room temperature.
The obtained solid material was treated with 200 mL of boiling EtOH.
The obtained slurry was heated to reflux for 10 min and subsequently
sonicated at room temperature for an additional 30 min to dissolve all
product. The slurry was allowed to stand &Clovernight. The brown
precipitate was filtered off and recrystallized from EtOH twic24

at room temperature. The reaction mixture, containing the diamine (1.44 g, 23.5%) was obtained as brownish needles: mp 213-Q15
14, was filtered through a Celite pad. Then alloxane monohydrate (7.00 IR (CHClg) 3378 (w), 1772 (w), 1717 (s), 1633 (w), 1572 (m), 1506

g, 43.7 mmol) and boric acid (15.0 g, 243 mmol) were added. The
yellow slurry was stirred fo6 h atroom temperature. Next, 500 mL

(m), 1394 (m), 1339 (w), 1122 (m), 1106 (m) cin'H NMR (300
MHz, CDCE) 6 = 2.16 (s, 3 H), 2.28 (s, 3 H), 3.63 (4,= 6.3 Hz, 2

of water were added and the reaction mixture was extracted three timesH), 4.01 (t,J = 6.3 Hz, 2 H), 6.80 (s, 1 H), 7.74 (m, 2 H), 7.87 (m, 2

with 250 mL of CHC} each. The organic layers were combined,
washed with saturated aqueous,8@; solution, dried with MgSQ

H), 7.92 (s, 1 H), 8.10 (g) = 6.3 Hz, 1 H);3C NMR (50 MHz,
CDCL) 6 = 18.72, 20.91, 36.82, 41.55, 114.36, 123.83 (2C), 125.37,

and concentrated in vacuo. Recrystallization of the residual material 126.94, 130.75 (2C), 132.26, 134.55 (2C), 143.86, 147.73, 168.65 (2C);

from AcOH/H,0 gavel5 (1.79 g, 46%) as a gold brown powder: mp
279-281°C (dec); IR (CHCY) 3378 (w), 3010 (w), 1717 (m), 1677-
(m), 1600 (w), 1581 (M), 1547 (s), 1344 (w), 1261 (w), 1117 (w)y&m
H NMR (200 MHz, CDC}) 6 2.45 (s, 3 H), 2.55 (s, 3 H), 3.30 (s, 3
H), 3.92 (t,J = 5.2 Hz, 2 H), 4.91 (tJ = 5.2 Hz, 2 H), 7.69 (s, 1 H),
8.04 (s, 1 H), 8.62 (br.s, 1 H)*C NMR (50 MHz, (C»).S0)4 18.37,

EI-MS (70 eV)mvz 339 (13, M), 304 (8), 179 (100), 160 (28), 147
(11), 133 (10), 104 (16), 77 (21) Anal. Calcd forsB17N304°1H,0
(357.36): C, 60.50; H, 5.36; N, 11.76. Found: C, 60.47; H, 4.91; N,
11.75.

7,8-Dimethyl-10-(2-phthalimidoethyl)-10H-benzo[g]pteridine-
2,4-dione (26). 24200 mg, 0.589 mmol) was dissolved in 20 mL of

20.28, 43.50, 58.06, 67.83, 116.29, 130.38, 130.98, 133.25, 135.35,acetic acid (20 mL) at 50C. At this temperature, a suspension of

136.70, 145.86, 149.83, 155.12, 159.48; EI-MS (70 @¥3 300 (3,
M™), 242 (100, [M— C3HeO]"), 171 (80), 156 (28), 44 (34). Anal.
Calcd for Q5H16N4O3‘1/2H20 (30932) C, 5825, H, 550, N, 18.12.
Found: C, 58.77; H, 5.42; N, 18.03.
3-Ethyl-10-(2-methoxyethyl)-7,8-dimethyl-10H-benzofg]pteridine-
2,4-dione (16). A solution of iodoethane (2.50 g, 16.0 mmol) was
added dropwise to a mixture db (1.09 g, 3.63 mmol) and ¥CO;
(3.00 g, 21.7 mmol) 50 mL in DMF. The reaction slurry was stirred
overnight at room temperature, then diluted with 500 mL of water and
extracted with 200 mL of CHGleach. The combined organic extracts
were dried with MgSQ@ filtrated, and concentrated in vacuo. The

Pd/C catalyst (15 mg) in AcOH (1 mL) was added to the reaction
solution. The mixture was kept under hydrogen at°&0for 30 h.

The colorless solution was subsequently allowed to cool to room
temperature and filtered through a Celite pad. Alloxane monohydrate
(400 mg, 2.50 mmol) and boric acid (800 mg, 12.96 mmol) were added,
and the slurry was stirred at room temperature for an additional 16 h.
The suspension was diluted with 500 mL of water and extracted with
200 mL of CHCE. The combined organic layers were dried with
MgSQ, and concentrated in vacuo. The resulting yellow oil was
solidified through addition of 200 mL of diethyl ether. The solid
product was filtered off to yield26 (115 mg, 47%) as a yellow

residual material was subjected to flash chromatography on silica gel powder: mp 298-300°C; IR (CHCk) 3378 (w), 1772 (w), 1717 (s),

(3 x 15 cm, acetone/Cil, (1:1)) to give 16 as an orange oil.
Recrystallization from MeOH/kD afforded 16 (0.990 g, 83%) as
orange platelets: mp 26405 °C; IR (CHCk) 3000 (w), 1706 (w),
1651 (m), 1583 (m), 1548 (s), 1439 (w), 1339 (w), 1117 (w)y&mH
NMR (200 MHz, CDC}) 6 = 1.31 (t,J = 7.1 Hz, 3 H), 2.43 (s, 3 H),
2.53(s,3H),3.29(s,3H),3.91 3=53Hz,2H), 417 (qJ=7.1
Hz, 2 H), 4.88 (tJ = 5.3 Hz, 2 H), 7.65 (s, 1 H), 8.02 (s, 1 HYC
NMR (50 MHz, CDCE) 6 = 12.78, 19.18, 21.25, 36.87, 44.94, 58.93,

1633 (w), 1583 (m), 1550 (s), 1394 (m), 1244 (m), 1167 (w), 989 (m),
894 (m) cn%; *H NMR (300 MHz, (Cx),SO) 6 2.34 (s, 3 H), 2.40
(s, 3H),4.03 (tJ=6.0 Hz, 2 H); 4.91 (tJ = 6.0 Hz, 2 H), 7.79 (m,
4 H), 7.82 (s, 1 H), 7.88 (s, 1 H), 11.26 (s, 1 H); MS (FAB416
(100, [M + H]), 391 (4), 371 (7), 242 (4), 174 (5), 107 (12). Anal.
Calcd for GoH17/NsO3-2H,0O (451.44): C, 58.53; H, 4.69; N, 15.51.
Found: C, 58.70; H, 4.39; N, 15.59.
3-Ethyl-7,8-dimethyl-10-(2-phthalimidoethyl)-10H-benzofg]pte-

69.22,116.28, 131.85, 131.92, 134.63, 135.39, 136.20, 147.03, 148.40yidine-2,4-dione (27). lodoethane (0.75 mL, 9.28 mmol) was added

155.17, 159.41; EI-MS (70 eMjvVz 328 (4, M"), 270 (100), 242 (23),
199 (32), 171 (22), 44 (16). Anal. Calcd for#l,0N4O3 (328.37): C,
62.18; H, 6.14; N, 17.06. Found: C, 62.23; H, 6.13; N, 17.05.
3-Ethyl-10-(2-hydroxyethyl)-7,8-dimethyl-10H-benzof]pteridine-
2,4-dione (8). A solution of 16 (0.980 g, 2.71 mmol) in CkCl, (50
mL) was cooled to @C. Then BBg (3.5 mL, 36.3 mmol) dissolved
in 10 mL of CH.CI, was slowly added with a syringe under nitrogen.
The solution was stirred at @ for an additional 4.5 h. A mixture of
H,O (2.5 mL) and acetone (5 mL) was added dropwise and very
carefully to hydrolyze unreacted BBr The mixture was stirred for
another 15 min, then 300 mL of acetone and 200 mL ¢DHvere

to a suspension &6 (240 mg, 0.578 mmol) and dryXO; (800 mg,
5.79 mmol) in 20 mL of DMF. The reaction slurry was stirred for 24
h at room temperature. The mixture was diluted with 100 mL of water
and extracted with 200 mL of CHElthree times. The combined
organic layers were dried with MgSCfiltrated, and concentrated in
vacuo. The crude residue was subjected to flash chromatography with
silica-H adsorbent (3x 20 cm, CHCYMeOH (12:1)). 27 (220 mg,
86%) was obtained as a yellow powder: mp 22466°C; IR (CHCL)
1772 (w), 1716 (s), 1656 (m), 1589 (m), 1549 (s), 1439 (w), 1394 (m),
1333 (w) cnt!; *H NMR (300 MHz, (C),S0)4d 0.95 (t,J = 6.9 Hz,

3 H), 2.33 (s, 3 H), 2.39 (s, 3 H), 3.75 (4= 6.9 Hz, 2 H), 4.00 (t,

added. The organic solvents were removed in vacuo. The residualJ = 5.6 Hz, 2 H), 4.93 (tJ=5.6 Hz, 2 H), 7.75 (m, 4 H), 7.84 (s, 1

aqueous product solution was allowed to stay 4C0for 24 h. The
precipitate8 was removed by filtration and recrystallized from acetone/
H,O. 8(0.690 g, 81%) was obtained in form of yellow needles: mp:
205-208 °C (dec); IR (CHCY) 3689 (w), 3011 (s), 1706 (w), 1650
(m), 1583 (m), 1548 (s), 1461 (w), 1439 (w), 1339 (w), 1133 (m), 928
(w), 622 (m) cn1?; 1H NMR (200 MHz, CDC}) 6 1.27 (t,J= 7.1 Hz,

3 H), 2.44 (s, 3 H), 2.54 (s, 3 H), 3.00 (= 5.5 Hz, 1 H), 4.09 (q,
J=7.1Hz, 2 H),4.21 (t)=5.5Hz, 2 H), 4.92 (t) = 5.5 Hz, 2 H),
7.64 (s, 1 H), 8.02 (s, 1 H}*C NMR (50 MHz, CDC}) ¢ 13.20, 19.67,

H), 7.91 (s, 1 H)3C NMR (75 MHz, (CD});S0) 6 = 12.70, 18.60,
20.54, 34.66, 35.71, 41.87, 115.86, 123.13 (2C), 130.78, 131.38, 131.47
(2C), 134.24, 134.49 (2C), 136.08 (2C), 147.03, 149.28, 154.11, 158.96,
167.98 (2C); MS (FAB) 444 (100, [M+ H]"). Anal. Calcd for
C24H21Ns04-1H,0 (461.48): C, 62.47; H, 5.02; N, 15.18. Found: C,
62.59; H, 4.69; N, 15.12.
3-Ethyl-7,8-dimethyl-10-(2-aminoethyl)-10H-benzolg]pteridine-
2,4-dione (9). A suspension 027 (455 mg, 1.03 mmol) in 30 mL of
concentrated HCI was stirred at reflux temperature for 4 h. The reaction

21.76, 37.37, 47.39, 60.18, 116.28, 132.05, 132.78, 135.43, 137.08,mixture was concentrated in vacuo. The residue material was triturated

137.30, 148.27, 149.45, 155.72, 159.84; EI-MS (70 eV 314 (1,
MT), 298 (13), 270 (43), 199 (40), 171 (25), 77 (27), 44 (100). Anal.
Calcd for GeH1gN403-1H,0 (332.34): C, 57.77; H, 6.02; N, 16.85.
Found: C, 57.80; H, 5.62; N, 16.63.
4,5-Dimethyl-2-nitro-N-(2'-phthalimidoethyl)aniline (24). 4,5-
Dimethyl-2-nitroaniline 10, 3.00 g, 18.1 mmol) and an excesNs{2-

with 20 mL of MeOH and filtrated. The solid material was washed
with acetone twice to yiel® (330 mg, 92%) as a yellow powder: mp
286-288°C; IR (CHCk) 3444 (m), 1713 (s), 1615 (s), 1580 (s), 1542
(s), 1458 (m), 1343 (m), 1250 (s), 1193 (m), 1022 (w), 929 (w), 878
(w), 806 (W), 773 (w), 443 (w) crmt; 'H NMR (300 MHz, (C2),SO)
01.16 (t,J= 6.9 Hz, 3 H), 2.42 (s, 3 H), 2.50 (s, 3 H), 3.20 (m, 2 H),
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3.94 (9, = 6.9 Hz, 2 H), 4.91 (tJ = 6.0 Hz, 2 H), 7.98 (s, 1 H), 8.05
(s, 1 H), 8.17 (m, 3 H)23C NMR (75 MHz, (CD}),S0)6 12.82, 18.63,

Epple et al.

(w), 3389 (w), 3022 (w), 1706 (s), 1656 (m), 1600 (s), 1550 (s), 1467
(m), 1406 (w), 1356 (w), 1272 (m), 1056 (w), 972 (W), 922 (w), 850

20.41, 35.93, 35.99, 41.11, 116.05, 130.68, 131.28, 134.30, 136.20,(w) cm™%; 'H NMR (400 MHz, (C[¥);S0)d 1.14 (t,J = 7.1 Hz, 3 H),

136.46, 147.31, 149.63, 154.68, 159.25; MS (FAB314 (100,
[M-CI] 1), 271 (15), 232 (7).

General Procedure for the Preparation of the 1-(Carboxy-
methyl)uracil Cyclobutane Dimer Bisflavin Esters (1, 17, and 18).
The synthesis of the 1-(carboxymethyl)uracil cyclobutane dimer starting
materials5—7 was achieved as decribed by us receftyBOP (150
mg, 0.323 mmol) was added to a solution of the correspondiisig
syn trans—syn or trans—anti 1-(carboxymethyl)uracil cyclobutane
dimers 6—7, 50 mg, 0.147 mmol) in 1.5 mL of DMF. This solution
was stirred at room temperature for 10 min. Then a solutidh(@do0
mg, 0.318 mmol) in 3 mL of DMF was added to the activated dimer
solution. Ten drops of triethylamine were added to start the reaction,
which was stirred at room temperature for 24 h. The reaction mixture
was diluted with 100 mL of water and extracted with 200 mL of CHCI
three times. The combined organic layers were dried with MgSO
filtrated, and concentrated in vacuo. The remaining orange oil was
solidified through trituration with diethyl ether. The residual material
was subjected to flash chromatography with silitas adsorbent (3
x 15 cm, CHCYMeOH (10:1)). The yields for the three model
compoundsdl, 17, and18 were 67 mg (49%) fod, 118 mg (84%) for
17,and 36 mg (27%) fol8. All compounds were obtained as a yellow
powder.

1-(Carboxymethyl)uracil (cis—syn)-Cyclobutane Dimer Bisflavin
Ester (1): HRMS (FAB") mVz calcd for GaHsN12012 (M + H]Y)
933.3280, found 933.3320. For all other analytical data see ref 27.

1-(Carboxymethyl)uracil (trans—syn)-Cyclobutane Dimer Bis-
flavin Ester (17): HRMS (FAB*) m/z calcd for GaHasN1;012 (M +
H]*) 933.3280, found 933.3441. For all other analytical data see ref
27.

1-(Carboxymethyl)uracil (trans—anti)-Cyclobutane Dimer Bis-
flavin Ester (18): HRMS (FAB') nvz calcd for G4H4sN12012 (M +
H]*) 933.3280, found 933.3412. For all other analytical data see ref
27.

General Procedure for the Preparation of 1-(Carboxymethyl)-
uracil Cyclobutane Dimer Monobenzyl Ester Monoflavin Ester
(19-21). A solution of the correspondingci6—syn trans—syn, or
trans—anti)-1-(carboxymethyl)uracil cyclobutane dimegs7, 100 mg,
0.294 mmol) and an excess of BOP (300 mg, 0.646 mmol) were
dissolved in 4 mL of DMF and stirred at room temperature for 10 min.
After the addition of a solution 08 (46 mg, 0.147 mmol) in 2 mL
DMF (2 mL) and of 10 drops of triethylamine, the reaction was stirred
for 5 h atroom temperature. Then benzyl alcohol (40 mg, 0.38 mmol)
was added to the reaction mixture, which was stirred for an additional
20 h at room temperature. The reaction mixture was diluted with 100
mL of water and extracted with 200 mL of CHCGhree times. The
combined organic layers were dried with Mg&diltrated, and
concentrated in vacuo. The remaining orange oil was solidified through
trituration with diethyl ether. The solid residual material was subjected
to flash chromatography with silidd-as adsorbent (% 15 cm, CHCY
MeOH (10:1)). 19 was obtained with 21% yield (46 mg20 with
21% yield (46 mg) an@1 with 4% yield (9 mg) as a yellow powder.

1-(Carboxymethyl)uracil (cis—syn)-Cyclobutane Dimer Monoben-
zyl Ester Monoflavin Ester (19): mp 153-157 °C (dec); IR (CHCY)
3389 (w), 2989 (w), 1711 (s), 1650 (m), 1583 (m), 1550 (s), 1467 (m),
1406 (w), 1339 (w), 1267 (m, 1056 (W), 1017 (w), 922 (w)cmtH
NMR (500 MHz, (C1),SO)d 1.11 (t,J = 7.1 Hz, 3 H), 2.38 (s, 3 H),
2.49(s,3H),3.63(m, 1 H),3.71 (m, 1 H), 3.72 (o= 17.4 Hz, 1 H),
3.83 (d,J=17.4 Hz, 1 H), 3.89 (q) = 7.1 Hz, 2 H), 4.09 (dJ =
17.4 Hz, 1 H), 4.13 (d) = 17.4 Hz, 1 H), 4.14 (m, 2 H), 4.52 (m, 2
H), 4.79 (m, 1 H), 5.03 (m, 1 H), 5.13 (s, 2 H), 7.35 (m, 5 H), 7.86 (s,
1 H), 7.91 (s, 1 H), 10.49 (s, 1 H), 10.57 (s, 1 HJC NMR (125
MHz, (CDs),S0O) 6 12.85, 18.73, 20.62, 35.95, 37.90, 38.45, 42.84,

46.96, 47.13, 54.80, 54.98, 61.44, 66.14, 116.23, 127.88 (2C), 128.12,

2.38 (s, 3 H), 2.50 (s, 3 H), 3.38 (m, 1 H),3.39 (m, 1 H), 3.89(¢;
17.5 Hz, 1 H), 3.90 (q) = 7.1 Hz, 2 H), 3.99 (dJ = 17.5 Hz, 1 H),
4.09 (d,J = 17.8 Hz, 1 H), 4.13 (dJ = 17.8 Hz, 1 H), 4.29 (m, 1 H),
4.35 (m, 1 H), 4.44 (m, 1 H), 4.54 (m, 1 H), 4.91 (m, 2 H), 5.03Jd,
= 12.4 Hz, 1 H), 5.08 (dJ = 12.5 Hz, 1 H), 7.29 (m, 5 H), 7.86 (s,
1 H), 7.39 (s, 1 H), 10.65 (s, 1 H), 10.71 (s, 1 HJC NMR (125
MHz, (CDs),S0O)d 12.78, 18.65, 20.52, 35.84, 38.23, 38.29, 38.91
40.00 (1C), 42.55, 48.10, 48.25, 59.08, 61.05, 65.96, 115.97,127.58,
127.73, 128.00, 128.26, 128.34, 130.86, 131.01, 133.92, 135.41, 135.86,
136.20, 146.69, 149.09, 151.44, 151.54, 154.51, 158.98, 169.13, 169.16,
169.56, 169.60; HRMS (FAB mvz calcd for GsH3sNgOio ([M + H] ™)
727.2476, found 727.3066.

1-(Carboxymethyl)uracil (trans—anti)-Cyclobutane Dimer Mono-
benzyl Ester Monoflavin Ester (21): mp 173-175 °C (dec); IR
(CHCI5) 3378 (w), 3289 (w), 1744 (m), 1709 (s), 1672 (m), 1656 (m),
1583 (m), 1549 (s), 1500 (w), 1467 (m), 1406 (w), 1372 (m), 1267
(w) cm™%; *H NMR (300 MHz, (CD).S0)6 1.14 (t,J = 6.9 Hz, 3 H),
2.39 (s, 3H), 2.50 (s, 3 H), 3.47 (m, 1 H), 3.76 (m, 1 H), 3.83)(ek
17.5 Hz, 1 H), 3.90 (¢ = 6.9 Hz, 2 H), 4.01 (d) = 17.5 Hz, 1 H),
4.02 (d,J = 17.8 Hz, 1 H), 4.14 (m, 1 H), 4.22 (d,= 17.8, 1 H),
4.35 (m, 1 H), 4.53 (m, 2 H), 4.94 (m, 2 H), 5.18 (m, 2 H), 7.38 (m,
5 H), 7.90 (s, 1 H), 7.91 (s, 1 H), 10.56 (s, 1 H), 10.69 (s, 1 H); MS
(FAB™) 727 (100, [M+ H]*).

1-(Carboxymethyl)uracil (cis—syn)-Cyclobutane Dimer Mono-
pentyl Ester Monoflavin Ester (22) was synthesized following the
general procedure described for the preparatioh®f21. Instead of
benzyl alcohol, 1-pentanol was use®2 was obtained in 12% (23 mg)
yield after chromatography with silidd: mp 146-148 °C (dec); IR
(CHCl5) 3689 (w), 3389 (w), 1733 (m), 1711 (s), 1650 (m), 1583 (m),
1550 (s), 1467 (m), 1406 (w), 1339 (w), 1267 (m), 1017 (w), 922 (w)
cm % *H NMR (500 MHz, (CDB;),S0) 6 0.85 (t,J = 7.0 Hz, 3 H),
1.14 (t,J = 7.0 Hz, 3 H), 1.27 (m, 4 H), 1.56 (quint),= 7.0 Hz, 2
H), 2.40 (s, 3 H), 2.50 (s, 3 H), 3.63 (m, 1 H), 3.71 (m, 1 H), 3.73 (d,
J=17.4 Hz, 1 H), 3.74 (dJ = 17.4 Hz, 1 H), 3.91 (qJ = 7.1 Hz,
2 H), 4.03 (m, 2 H), 4.06 (d] = 17.4 Hz, 1 H), 4.10 (dJ = 17.4 Hz,
1 H), 4.14 (m, 2 H), 4.52 (m, 2 H), 4.81 (m, 1 H), 5.03 (m, 1 H), 7.87
(s, 1 H), 7.93 (s, 1 H), 10.50 (s, 1 H), 10.53 (s, 1 M NMR (125
MHz, (CDs),SO) 6 12.84, 13.79, 18.73, 20.60, 21.69, 27.42, 27.68,
35.94, 37.95, 38.38, 42.82, 46.92, 47.14, 54.80, 54.91, 61.41, 64.66,
116.23, 130.94, 131.09, 134.04, 135.98, 136.33, 146.77, 149.22, 152.54,
152.60, 154.75, 159.12, 166.85, 167.06, 168.60, 168.61; HRMS{FAB
m/z calcd for GaHsgNgOio (M + H]*) 707.2789, found 707.2824.

1-(Carboxymethyl)uracil (cis—syn)-Cyclobutane Dimer Bisflavin
Amide (2). The synthesis of2 was achieved using the general
procedure described for the preparationlofl7,and 18. Instead of
the flavin alcohol8, the flavin amine9 (100 mg, 0.286 mmol) was
used. The reaction was stirred for only 5 h. The reaction mixture
was worked up, and the residual, solidified material was not subjected
to flash chromatography but recrystallized three times from methanol.
2 was obtained (60 mg, 44%) as a yellow powder: mp: 2702 °C;
IR (KBr) 3416 (m), 3322 (m), 1704 (s), 1650 (s), 1584 (s), 1547 (s),
1461 (s), 1337 (m), 1267 (m), 1230 (s), 1194 (m), 1172 (m), 1150
(m), 1018 (w), 928 (w), 845 (w), 807 (w), 770 (w) cf *H NMR
(400 MHz, (CD>),S0)06 1.14 (t,J = 6.6 Hz, 6 H), 2.39 (s, 6 H), 2.49
(s, 6 H), 3.39 (dJ = 16.7 Hz, 2 H), 3.47 (m, 4 H), 3.62 (m, 2 H), 3.92
(9,J = 6.6 Hz, 4 H), 4.09 (m, 2 H), 4.11 (d,= 17.7 Hz, 2 H), 4.63
(m, 4 H), 7.90 (s, 2 H), 7.94 (s, 2 H), 8.30 (m, 2 H), 10.43 (s, 2 H);
3C NMR (125 MHz, (CR),S0) ¢ 12.88, 18.72, 20.82, 35.66, 35.95,
38—-42 (1C), 42.92, 48.08, 54.88, 115.99, 130.90, 131.07, 134.11,
135.93, 136.24, 146.75, 149.01, 152.37, 154.68, 159.13, 167.30, 168.36;
HRMS (FAB") m/z calcd for G4H47N14010 (M + H]1) 931.3599, found
931.3593.

1-(Carboxymethyl)uracil (cis—syn)-Cyclobutane Dimer Mono-

128.43 (2C), 130.96, 131.10, 134.06, 135.65, 136.00, 136.32, 146.79,pentyl Amide Monoflavin Amide (28). 28was synthesized following
149.21, 152.57, 152.64, 154.76, 159.14, 166.86, 167.09, 168.55, 168.61the procedure for the preparation2. The flavin amined was used

HRMS (FAB") m/z calcd for GsH3sNgO1o ([M + H] 1) 727.2476, found
727.2527.

1-(Carboxymethyl)uracil (trans—syn)-Cyclobutane Dimer Mono-
benzyl Ester Monoflavin Ester (20): mp 201°C; IR (CHCk) 3500

instead of the flavin alcohd8. The obtained crude orange oil was
dissolved in MeOH and filtered to remove the bisflavin amide side
product2. The obtained filtrate was subjected to flash chromatography
with silica-H as the absorbent (8 20 cm, CHCY/MeOH (7:1— 5:1)).
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28 (51 mg, 27%) was obtained as a yellow powder: mp-1899°C Type No0.111-0OS, 10 mm light path) equipped with a magnetic stirrer
(dec); IR (CHC}) 3333 (m), 3222 (m), 1706 (s), 1650 (m), 1583 (m), and a rubber septum. The solution was purged for 20 min with nitrogen.
1550 (s), 1467 (m), 1339 (w), 1272 (m), 1017 (w), 928 (w) eniH Then 25uL (50 uL for diflavin compounds) of a sodium dithionite

NMR (500 MHz, (C»).SO)d 0.85 (t,J = 7.0 Hz, 3 H), 1.14 (t) = solution (50 mg in 5 mL aqueous buffer) was added. For reduction

7.0 Hz, 3 H), 1.24 (m, 4 H), 1.37 (quintl,= 7.0 Hz, 2 H), 2.41 (s, 3 by catalytic hydrogenation, small amounts of reduction catalyst (Pd
H), 2.50 (s, 3 H), 3.02 (¢ = 7.0 Hz, 2 H), 3.34 (dJ = 17.4 Hz, 1 on Barium sulfate, Fluka) were added into the cuvette and the reaction
H), 3.44 (d,J=17.4 Hz, 1 H), 3.49 (m, 2 H), 3.63 (m, 2 H), 3.92 (0, mixture was stirred and purged first with nitrogen for 5 min, then with

J=7.1Hz, 2 H),4.01 (m, 1H),4.11 (m, 1 H), 4.12 @= 16.5 Hz, hydrogen for additional 20 min. Afterward the reaction mixture was
1H),4.13 (dJ=16.5Hz, 1 H), 458 (m, 1 H), 4.74 (m, 1 H), 7.90  allowed to stand under hydrogen at room temperature for another 5
(s,1H),7.92(tJ=7.0Hz,1H),7.96 (s, 1H), 825 @=7.0Hz, min. The disappearance of the fluorescence of the solution (excitation

1 H), 10.39 (s, 1 H), 10.42 (s, 1 H¥C NMR (125 MHz, (CR),SO) at 366 nm, detection at 520 nm) was checked before and after the
012.89, 13.87, 18.74, 20.82, 21.79, 28.52, 28.75, 35.74, 35.96, 38.19,reduction to ensure complete reduction. For the pH-dependent

38.51 (2C), 42.99, 48.08, 48.14, 54.49, 55.35, 116.04, 130.95, 131.09,measurements 0.5 M buffers were prepared. Citrate buffers were used
134.13, 135.95, 136.28, 146.75, 149.11, 152.39, 152.42, 154.73, 159.17for pHs 3, 4, 5, and 6, TridCl buffers were employed for pHs 7, 8,

166.95, 167.14, 167.55, 168.40; HRMS (FABm/z calcd for and 9, and a phosphate buffer was used for pHs 10 and 11. Other

CaaHaiN100g ([M + H]*) 705.3109, found 705.3126. substances added to the reaction mixtures such as acetic acid or
1-(Carboxymethyl)uracil Flavin Ester (3). 1-(Carboxymethyl)- triethylamine were added prior to the reduction. The irradiation of
uracil was synthesized according to the literafireA solution of the cuvettes containing 3 mL samples was performed at 366 or 400

1-(carboxymethyl)uracil (100 mg, 0.588 mmol) and (300 mg, 0.646 nm in a fluorescence spectrometer Spex 1680 equipped with a 0.22 m
mmol) of BOP in 3 mL of DMF was stirred at room temperature for doub|e_grating r'nOnochrornator7 a 450 W xenon |amp with a band-

10 min. After the addition of a solution (185 mg, 0.589 mmol)in  pass of 3.4 nm, and a magnetic stirrer in the sample compartment. All
DMF (3 mL), 10 drops of triethylamine were added and the reaction samples were stirred during the irradiation. During a series of

mixture was stirred for an additional 18 h at room temperature. The measurements, the intensity of the light beam was repetitively
reaction mixture was diluted with 100 mL of water and extracted three Jetermined by following the recommended procedures for potassium
times with 100 mL of CHG. The combined organic layers were dried  ferrioxalate actinometr§#5 The error in the number of light quants
with MgSQ,, filtrated, and concentrated. The remaining orange oil emitted from the lamp was determined to-b&0%. Separation of the
was solidified through addition of diethyl ether. The residual material photoproduct and the starting material was achieved on an analytical
was subjected to flash chromatography with silitas adsorbent (3 Lichrosphere (5/100, Merck) HPLC column (4 ms 250 mm) by

x 15 cm, CHCYMeOH (10:1)) to yield3 (165 mg, 60%) as an orange  sing 55% A and 45% B over 9 min to elute the photoproduct. Then,
powder: mp 196-192°C; IR (CHCk) 1756 (w), 1694 (s), 1650 (M), switching to 80% A and 20% B for additional 19 min caused the elution
1583 (m), 1550 (s), 1461 (w), 1339 (w), 1189 (w) Tm*H NMR of the starting material (A, methanol; B, water). The peak areas were
(400 MHz, (CD);SO)d 1.16 (1,J = 7.0, 3 H), 2.41 (s, 3H), 250 (s,  yjsualized and integrated by Knaur Eurochrom 2000 software. To
3H),3.93(qJd=7.0,2H), 439 (s, 2 H), 4.58 (§ = 5.3 Hz, 2 H), eliminate inaccuracies of peak area stemming from fluctuations of the
4.94 (tJ=5.3 Hz, 2 H), 5.00 (d) = 7.9 Hz, 1 H), 7.51 (dJ = 7.9 detection lamp, the determined peak areas of the photoproduct and the
Hz, 1 H), 7.87 (s, 1 H), 7.94 (s, 1 H), 11.29 (s, 1 FfiC NMR (100 starting material were devided by the total peak area determined in the

MHz, (CD,).SO) 0 12.85, 18.73, 20.62, 35.94, 42.70, 48.27, 61.64, chromatogram (peak area photoproduct plus peak area starting material).
101.08, 116.08, 130.95, 131.07, 134.03, 136.03, 136.20, 145.43, 146.87;rp¢ increase of photoproduct and the decrease of starting material were

149.15, 150.77, 154.70, 159.08, 163.48, 168.11; MS (PAB'z 466
(100, [M + H]™), 391 (13), 371 (28), 329 (11).
1-(Carboxymethyl)uracil Flavin Amide (4) was synthesized in
analogy to3 with the flavin amine9 instead of the flavin alcoh@. 4
was obtained in 35% yield as an orange powder: 365 °C (dec);
IR (CHCIs) 1694 (s), 1650 (m), 1583 (m), 1550 (s), 1456 (w), 1339
(W), 1194 (m), 1118 (w), 1156 (w) cm; *H NMR (400 MHz, (CLy).-
S0O)0 1.15 (t,J = 6.9, 3 H), 2.41 (s, 3 H), 2.49 (s, 3 H), 3.51 &=
26H)H2525é—|)(d?39:3§q§] HZ(?.]?,HZ)’H;',;ZZ(SJ(S:,27'3)6_14;.’6?|E|ﬂ),’ 7%2 I(—ézl Acknowledgment. We thank Prof. F. Diederich for the_
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(100 MHz, (C3);S0)d 12.89, 18.75, 20.80, 35.97, 40.30, 42.91, 49.27, us to perform the GAMESS(US) calculations (E.-U. W.). This
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and Data Evaluation. Solutions (104 M) of the model compound in
the corresponding solvents were prepared in quartz cuvettes (HellmaJA964097U

plotted against time and the obtained data fitted using a monoexpo-
nential decline or rise to maximum function with the program
DeltaGraph Pro 3.5. To determine the experimental error of our
measurements, the cleavage reaction of the model comp23irial
ethylene glycol with dithionite reduction was measured several times
at different days. The obtained quantum yields were identical within
an experimental error a£8%.



