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Cyclobutadipyrimidines (pyrimidine dimers, Pyr < > Pyr) (the abbreviation 
system used is that proposed in ref. 1) represent the major class of DNA lesions in- 
duced by the action of fm and near uhraviolet (I_JV) light on biological systemsz4. 
The four stereoisomeric thymine dimers (Thy < > Thy) produced by UV irradiation 
of Thy have been separated by thin-layer chromatography (ILQs and by gas-liquid 
chromatography (GLC) after N-methylation 6. Surprisingly, in view of the large 
number of separations of mixtures of nucleic acid components7-‘o and modified bases 
or nuckosides”-‘5 by high-performance liquid chromatography (HPLC) using chemi- 
cally bonded reversed-phase packings, to our knowledge the only reported separation 
of pyrimidine dimers (cis_svn Thy < > Thy and Ura < > Thy) by HPLCF was by 
ion exchange. 

This paper reports the deveIopment of an HPLC method for rapid and com- 
plete separation of the four Thy c> Thy dimers on a conventional octadecyl 
reversed-phase column and on the new radial-PAK A cartridge with the Waters radial 
compression separaticn system (RC 55). Separations of the optically active stereo- 
isomers as well as the meso pairs of cyclobutadithymidine (thymidine dimers, 
Thd < > Thd) by reversed-phase HPLC and two-dimensional TLC are also described. 

MAERIAIS AND METHODS 

High-performance Iiquid citronzfzrography 

A Model HIOOA dual-piston pump, a Model U6K universal injector (Waters 
Assoc., MiJford, MA, U.S.A.) and a variable-wavelength detector, either a Cecil 
Model CE 212 (C&I, Cambridge, Great Britain) equipped with a S-p1 flow cell or a 
Schoeffel Model 770 (Kratos Corporation, Schoeffel Instrument Division, Westwood, 
NJ, U.S.A.), were used. The detector was operated at 230 run. Although photoreversal 
is known to occur with Pyr < > Pyr at this wavelength resulting in the formation of 
Pyr monomers17 absorbing at M 260 nm, the very low light intensity used in these 



experiments did not produce any detectable absor-bancy changes in the 26Qnm 
region, AII these chromatographic separations were performed under isocratic con- 
ditions at ambient temperature. 

The prepacked coIumns used were 25 x 0.46 cm I.D. of Partisil ODS-2 (Whzt- 
man, CIifton, NJ, U.S_A_) with IO-pm, totahy porous silica particles to which octadecyl 
groups were bonded. In addition, I/4 stair&s-steel columns (25 x 0.47 cm I-D.) were 
packed under pressure with R?qrn ODS bonded phases NucIeosiI Cl8 (Macherey, 
NageI & Co., DiIren, G.F.R.) or LiChrosorb RP-X8 (T. Merck, Darmstadt, G.F.R.) 
by a “non-balanced” slurry procedure’* using a HaskeIi pump system (Cbromatem, 
Paris, France)_ The packing materiaI was homo_genizcd by sonication using propan- 
l-o1 as the dispersing agent_ The stainless-steel Swagelok fittings used were adjusted 
for minimum dead voIume_ The outlets and inlets were terminated respectively with 
2-pm metallic frits and PTFE frits (Chromatem). 

The radid compression separation system comprised of a RCM-IO0 module 
and radial reversed-phase PAK A cartridge (IO x 0.8 cm LD.) was a generous loan 
from Mr. C_ Weiss of Waters Assoc., France and is gratefully acknowledged. 

Thin-layer dwmatography 
Chrometo_mphic separations were carried out on 20 x 20 cm precoated 

silica ge1 plates FLs+ (E. Merck). Elucnt A was the lower Iayer of chloroform- 
methanol-water (4:2:1, v/v/v) to which 5 ml of absolute methanol had been added 
for each ioO’d of organic phase, and eiuent B was e&yI acetate-propan-2-oI-water 
(75:16:9, vj%/v)“. 

Dimers were detected by fluorescence with 254-run light emitted by Pyr 
monomers resuhing from photoreversal at that wavelength. 2’DcoxyribonucIeoside 
derivatives were visuahzed by heating for 10 min after the plates had been sprayed 
with a cysteine-&tic acid reagentzo. 

Radioisotopicahy labeled compounds were detected by autoradio_graphy using 
X Kodirex Kodak film. 

Chemicals 
‘Thy-n&e Cmy) and thymidine (Thd) (Sigma, St_ Louis, MO, USA.) were 

used without further purification. 
The dimers were preparedX by photosensitization of aqueous acetone solu- 

tions of Thy and Thd, anaIogous to a previously described method= using an 
irradiatop equipped with seven G.E. BL lamps (> 313 mu). Assignment of the 
stereoconh_~tions was mainly by comparison of infrared spectra with those pre- 
viousiy reportedzi for four Thy c> Thy dimers and for Thd < > Thd optical 
diastenzoisomers subsequent to their quantitive acid hydrolysis to the corresponding 
Thy <> Thy dimers 15_ The two meso pak of Thd c> Thd dimers were further 
di$nguished on the basis of their 25U- and 36Q-MHz rH nuclear magnetic resonance 
spectral’. - 

RESULIX AND DEXUSSlON 

HPLC sepawtion of Thy dimers 
Figs. 1 and 2 show that the four stereoisomers of Thy c > Thy were separated 



Fig_ 1. Cbrom&ogram of tbymine dimers by reversed-phase HPLC isocratic separation. Column, 
ODS-2 (2.5 x 0.46 cm LD.). Eluent: water-tetshydrofuran (99~1); flow-rate, 1.0 rnl/min. Peaks: 
1 = cissnti; 2 = cik-syn; 3 = trarrr-mti; 4 = trans-syrr. 

Fig 2. Chromatogram of thymine dimers by reversed-phase HPLC isocratic separation. Co!usm. 
PAEC A (10 x 0.8 cm LD.). Event Bow-rate, 3.0 ml/&. Other details as in Fig- 1. 

in the same elution order, cissntl’ < cis-syn c tram-anti < trmzs-syn, under four 
Merent chromatograpbic conditions (Table I). while the resolutions were found to 
be satisfactory under *+&se experimental conditions, the two cik Thy <> Thy 
dimers (a 1.43) were better sepzcated than i&e tffn2.s isomers (a 1.04) using the 
NucIeosiI C,, column with only distikd water (eluent C) as the mobile phase. 
However, use of I % organic modifier (water-tetrahydrofurran, 99:1, v/v; eluent D) 

TABLE I 

CAPAClTY FACTORS OF THE FOUR ISOMERS OF CYCLOBUTADITHYMINE 
Fiow-rates were 1 mljmiri and 3 ml/min respectively for Nuckosil G. and ODS2 coluzms 2nd for 
the PAK A czar&i- Numbers in pa.renthes=s are ntios of capacity factors. a = k&/&r. 

Water Water-tetrahy&ofwan (99.-l) 
NuctkadC~~ 

h?L&O~7 c,, ODS-2 PAKA 

1.84 0.64 0.60 O.% 
2.63 (1.43) 0.77 (1.20) 0.82 (1.37) 1.18 (1.23) 
3.76 I.62 
3.89 (1.04) ::: (1.09) ::: (1.36) 2.06 (1.27) 



as tie mobile phase improved the separation of the two lrmts Thy c > Thy dimers 
with the best result of a = 1.36 attained by means of a Whatman OIX-2 column. 
It is worth noting that the longer retention times on the ODS-2 column may be 
explained in terms of the “buik-mod&d” form*6~*7 which often results from the use 
of trichlorokihtnes rather than monof~cti0na.l silanes in the preparation of the 
bonded phase. Fkcelknt sekctivity and high capacity factor (k’) vaiues were also 
exhibited by the PAK A cohtmn, thereby facilitating the separations. Indeed, the 
compbk separation of the four Thy cz> Thy dimers can now be ‘&hieved in less 
than3min! 

The mechanisms of retention in reversed-phase liquid chromatography have 
been iuterpreted in terms of partition, adsorption, or a combination of both 
processesls*‘9, However, solute retention as an association process governed by the 
equilibrium of reversible solvophobic interactions between the eluent and the solute 
can also explain observations in liq-uid-solid or liquidliquid chromatography with 
bonded phasesioJ’_ Solvophobic interactions or, more particularly, hydrophobic 
interactions originating from a net repulsion between the water and the non-polar 
C&&and and the non-polar moiety of the solute result in solute retention. Hydra- 
phobic selectivity of solutes is, therefore, determined by the diEerence between the 
non-polar surface area of the sol~tz? s31. In contrast, solute adsorption on the 
chemiicaly bonded stationary phase seems to involve only weak dispersive Van der 
Waals interacti~n?~ which do not confer high selectivity. 

_4ccordingiy, the difference in the chromatographic behavior of the four 
stereoisomers of Thy c> Thy reflects mainly the differences in accessibility of the 
two methyl moieties on the cyclobutane ring_ Crystal structure analyses of these 
dimers have shonn, except for the trms-arti Thy diner, a puckered cyclobutane 
ring”- Consequently, the methyl moieties of the &-anti and tram-syrz dimers will be 
in pseudc4ieq~tcrial or pseudo-diaxial conformations, whereas the methyl moieties 
of the crT.r-s~~~ and trans-awi isomers adopt an equatorial axial (a,e or e,a) orientation 
tith the possibility of interconversion 3(S. For the rrrms isomers, the lack of inter- 
ation between the methyl groups increases hpophilicity in these molecules and may 
explain the longer retention times relative to the cir dimers. Similarly, considering the 
two c& and trans pain, the orientition of the methyl moieties on opposite sides and 
on the same side of the cycIobutane ring for the anti and syn isomers respectively may 
be responsible for the slight differences in their chromatographic behavior. The low 
capacity value of cissnri Thy <> Thy is in zggeement with a preferential crowded 
diaxial orientation of the two methyl moieties. 

HPLC seporarion of TIui a3ner.s 
The HPLC analyses of the six Thd < > Thd dimers, which include four optical 

ciiutereoisomers as well as two pairs of rneso forms, were performed using a 
LiChrosorb RI-IS column with water-methanol as the mobile phase: eIuent E 
(!?O:lO) and F (955, v/v)_ Figs. 3 and 4 illustrate the HPLC separations of the set of 
trans snd the set of cis isomers, respectively_ Using eiuent E, the (-)-cissnti and 
the (f)-trans-spz diastereaisomers showed simiIar K values (Table ID). The selec- 
tivity was improved by the use of eluent F, in which the content of the organic 
modifier had been decreased. However, eluent F gave poorer resduti~n (a LAB) of 
the two Ievorotatory diastereoisomers, c&anti and trans-syz Thd c > Thd dimers. 
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Fig. 3. Cbromatogram of frms-thy&dine dinxrs by reversed-phase HPLC isocratic separation. Co!- 
umn, RP-18 (2S x 0.47 an I.D.). Eluent: war-methanol (9955); flow-rate, 1.0 ml/m&. Peaks: 1 = 
(+)-tram-~; 2 = (-)-frazrsyrr; 3 = ~rmzs-and 

Fig. 4. Chromatogram of c%bymidioe dimes by reversed-phase HPLC iswratic separation, Cal- 
unm details as in Fig. 3. peaks: 4 = ck-syn; 5 = (-)dsa~i; 6 = (-I-)-cikmri_ 

TABLE 11 

CA!i’ACiTY FAcT<)RS AND &?a_ VALUES OF CYCLOBUTADmzYhUDINES 
EIuents: A = the lower Iqer of CHC&-CH30H-H~0 (421, v/vlv) to which 5 ml of CH,OH bad 
been added for each 100 ml of organic phase; B = CH,COOGH&H,CHOHCH~H~O (75:16:9); 
E = H@-CH,OH (9O:lO); F = H~O-CH,OH (955). 

dTM0sn.d cam facm (I??) &m 

E F A B 

1.82 4.01 0.37 0.22 
:;:Z~ 221 5.39 0.24 0.16 

cir i 259 6.98 0.26 0.29 
(-_) rra37s-syn 283 5.81 0.58 0.44 
(-+I hmrs-syn 223 5.02 OS4 0.54 

tranr-anti 5.84 17.03 0.56 O-42 

Retention time increrases for ThdoThd as corn+ to Thy<>Thy 
dimers are in cmfomity wi& the tidings in reversed-phase liquid chromatographid 
amlyses of nucleic acid components8-16, which are in accord with the general rule 
titanIncrease in the retention time denotes an increase in the @sophilic character 
of the solute. In the pmt case, the hydrocarbonaceous nature of the deoxy- 
ribotiranosyl (dRib) moiety of the nucleosides is responsible. The observed diEeremes 
in elution order between Thy < > Thy and Thd < > Thd, i.e., &s-a& > cis-s);n 
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> t;m~~fi > trans-syn and cis-syn > c&azzti fiy tram-sp >> tramanti, nzspec- 

fivdy, are also in agreement tiffi this concept. The high retention v&es exhibited 
by the tij Thd c> Thd aimers may be reMed to the easy accessibility of tie two 
dRib mctieties, most particd~~y in the tnzns-mti isomer. On the o&et hand, &e 

low K values of the sin Thd < > Thd dimers is a refktion of the steric crowding of 
tie two dRib ,ings, espekally in the cir-sp isomer. 

0 a 

ELUENT B 

Fii 5. Chronnt~ of thymidix dimxs by tuo-diwnsional TJX separation on siXi= gel Fs 
prczoatcd plates_ EIwnts: A = the Iowcr layer of CHCl&H,OH-Hz0 (4z2:l) to which 5 ml of 
absolute CH,OH had ktn added for each 1oOml of the organic phase; B = CH,COQCzH~ 
CH,CHOHCH,EfiO (X:16:9). Spots: 1 = (-)_cis_mIi; 2 = (+)-kati; 3 = cir-syn; 4 = (-)- 
R-um-syxz and -tram-anti; 5 = (+)-tmns-syn; 6 = thqmidine. 

The result of two-dimensional TLC analysis of the Thd <B rhd dimers is 
illustr&ed in Fig. 5. All diastereoisomers are well separated except for the trans-mfi 
and &e (-)-~~QIP~Gz isomers which have similar bc values in both eluents A 
and B. 

Since the trazs-antf isomer can be readily removed from the mixture by 
HPLC, the TLC and HPLC procedures are complementary. Characterization of the 
sir diastereoisomers of Thd c > Thd will be reported elsewhercP. 
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