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Footnotes
]This deoxythymidine adduct derives primarily from photoaddition
to a deoxythymidine residue. However, should any adduct formation
have 6ccurred with the small amount of 5-methylcytosine present
(Ehrlich & Yang, 1981) it would have been hydrolytically deaminated
(Freeman et al, 1965) and appear as a deoxythymidine adduct.
2Those adducts.obtained by acid hydro]ysis are indicated by the

addition of H' to the fraction number.



ABSTRACT: The isolation and structural characterization is described
of the major monoaddition producfﬁ formed in the photoreaction of two
naturally occurring psoralens, 8-methoxypsoralen and 4,5',8-trimethyl-
psoralen, with‘high molecular weight, doub]e-strahded DNA. Hydrolysis
of the psoraleﬁ-modified DNA and subsequent chromatography resulted

in the isolation of four modified nucleosides from each psoralen.
Structural characterizationlwas accomplished by mass spectrometry and
]H-NMR analysis. The major.products, accounting for 50-60% of the
covalently bound psoralen, are two diastereomeric deoxythymidine adducts
formed by cycloaddition between the 5,6-double bond of the pyrimidine
and the 4',5'-(furan) double bond of the psoralen. A minor producf,
less than 2%'of the covalently bound psoralen, is a furan-side adduct

to deoquridine, derived from an initially formed deoxycytidine adduct
by hydrolytic deamination. A fourth product is a deoxythymidine.adduct
where cycloaddition has taken place between the 5,6-double bond of the
pyrimidine and the 3,4-(pyrone) double bond of the psoralen. This
pyrone-side adduct accounts for 18% of the co?a]entlyvbound’8-methoxy-
psoralen, but for less than 3% of the covalently bound 4,5',8-trimethyl-
psoralen. A1l of the isolated adducts have cis-syﬁ stereochemistry.

The stereochemistry and product distribution of the’adducts is deter-
mined in part by the constraints imposed by the DNA helix on the
geometry of the non-covalent intercalation complex formed by psoralen

and DNA prior to irradiation.



Psoralens or furocoumarins are a class of compounds found in a
wide variety of plants and fungi and have been used since ancient times
. as derma1 photosensitizing agents for the treatment of various skin
pigmentation disorders (Scott et al, 1976). Their photosensitizing
activity is dependent upon subsequent exposure‘tO'neaf ultraviolet
light (300-380 nm), and is now known to involve photochemical addition
to the DNA of the target tissue (Song & Tapley, 1979).. This addition
to cellular DNA involves both moﬁoadditibn and interstrand cross-
linking, as evidenced by denaturation-renaturation kinetics and electron
-microscopy (Cole, 1970; Cole, 1971; Hanson ét al, 1976);5 The ability
of psoralens to crosslink double-stranded DNA has attracted interest
in their use a§ probes of nucleic acid structure and function (Wiesehahn
et al, 1977; Shen & Hearst, 1977), and'they are also under investigation
as therapeutic agents for the treatment of psoriasis {Wolff et al, 1977).
In addition, their ability to interact efficient]y'with DNA has drawn
attention to their potential as naturally occurring mutagens and
carcinogens. The mutagenic activity of compounds such as 8-methoxypsoralen
(xanthotoxin) and 5-methoxypsoralen (bergapten) is well established,
and reports have appeared documenting the tumorogenic activity of
psoralens in a number of species, including man (Ashwood-Smith et al,

1980; Stern et al, 1979; Epstein, 1979).
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~ The photoreaction between psoralens and DNA can be divided into
at least three‘distinct steps: (1) formation of a noncovalent complex
with DNA via intercalation of the.pSora]en between adjacent base pairs,
(2) photoreaction between the psoralen and a pyrimidine base to yield
a monbadduct, (3) absorption of a second photon to yield an interstrand
cross link. The interstrand crosslinks. are believed to be'1arge1y
responsible for the photosensitizing effects of psoralen treafment,

although some activity is_apparently associated. with the monoadducts

‘ (Harten et al, 1976). .The.chemistry of the photoreaction has been

studied intensively, but detai]éd information about the structures of
the nucleic acid-psoralen adducts has been notably lacking. The study
reported here is concerned with the isolation and identification of
the monoaddition products formed from the photobinding to DNA of two
of the most widely used naturally occurring psoralens, 8-methoxy-
psoralen. (xanthotoxin or 8-MOP, l) and 4,5’,8—trimethy]psora1en (tri-
oxsalen or TMP, g). |

We have isolated and characterized four monoaddition products
derived both from the reaction of 1 or 2 with native, double-stranded
DNA. Two of the products are diastereomeric pséraﬁeh-dedxythymidine
adducts,'formed by cycloaddition between the 5,6-dbub1e bond of the
pyrimidine and the 4',5'-(furan) double bond of ‘the psoralen. A third

and minor product. (less than 2% of the isolated monoadducts) is a



furan-side psoralen-deoxyuridine adduct, derived from an initially
formed psoralen-deoxycytidine adduct by hydrolytic deamination. A
fourth monoadduct recovered from both 8-MOP- and TMP-modified DNA has
been characterized as an adduct resulting from cycloaddition of deoxy-
thymidine residues to the 3,4-(pyrone) double bond of the psoraien.

In the case of 8-MOP, this pyrone-side adduct accounts for 18% of the
total covalently bound psoralen, while in the case of TMP only 2-3%

of the bound psoralen is present as pyrone side adducts.

Experimental Section A

Materials [3H]-8-Methoxypsora1en and [3H]-4,5',8-trimethy1-
psoralen were synthesized as described (Isaacs et al, 1981). Hydrolytic
enzymes and calf thymus DNA were obtained from Sigma (St. Louis, MO).

Photobinding. A 4.05 mg sample of [3H]-8—MOP (sp. act. 0.1-0.5 Ci

mmo]']) in 1.5 mL of ethanol was added to a solution of 43.2 mg of
~calf thymus DNA in 60 mL of tris buffer (10 mM tris, pH 7.2). This
solution was irradiated for 2.5 hr at 20°. Photobinding of [3H]TMP
(0.1-0.5 Ci mmol']) to DNA was carried out by adding five 300 uL aliquots
of a stock solution (1.25 mg TMP in 1.5 mL ethanol) to the DNA solution

1

(7.2 mg of DNA at a concentration of 0.12 mg mL™ ' in tris buffer). The

solution was irradiated for ten minutes after each of the psoralen



additions. Two 400W GE mercury vapor lamps were'uséd for the
irradiation, and cooling of the DNA solution was achieved by circu-

lation of a solution of cobaltous nitrate (40% w/w) through an outer

- jacket; this solution also served as a 365 nm transmission filter.

After the appropriate irradiation time, the psoralen-DNA solution was
extracted with four volumes of chloroform to remove unreacted psofa]en
and its photodegradation products. The remaining so]ution.was madé
0.2M in sodium chloride, and diluted with three volumes of cold
ethanol to precipitate the DNA which was collected by centfifugation,
dissolved in 0.2M sodium chloride, and reprecipitated by addition of
ethanol. The isolated DNA pe11ét was then dried under vacuum and
redissolved in hydrolysis buffer (15 mM sodium acetate, pH 5.00).
A]ternative]y,‘the DNA was subjected‘to acid hydro]ysfs, as described
below.

Adduct Isolation. The psoralen-modified DNA was first hydro]yZed

by the addition of 80 units of DNAase-II (E.C.3.1.4.5) per mg of DNA. _
After 12 hr, the solution was adjusted to pH 7, and 0.2 units of phos-
phodiesterase-II (E.C.3.1.4.18) per mg of DNA was added. After an
additional 12 hr, the pH was adjusted to 8.0, and 0.2 units of alkaline
phosphatase (E.C.3.1.3.1) per mg of DNA was added. After a total

hydrolysis time of 24-36 hr, the mixture was lyopholized and redissolved



-in water. This mixture was then analyzed by HPLC. HPLC was carried out
on reverse-phase Uitrasphere 0DS columns (either 4.6 or 10 mm x 25 cm;

Altex-Beckmann, Berkeley, CA).  Water-methanol was used as the eluting

solvent, at a flow rate of 1 or 4 mL min1.

In cases where weak ion
exchange effects led to peak broadening, a buffered aqueous phase wés
used (10 mM KH,P0,, pH 2). The column effluent was monitored for

absorbance.at 254 nm, and assayed for the presence of 3

H by scintillation
counting.

Mass Spectrometrx, Adduct fractions isolated by HPLC were taken

to dryness, and either analyzed directly by field desorption mass
spectrometry or derivatized'tﬁen analyzed by high resolution electron
impact mass spegtrometry. Samples were converted to pertrimethylsilyl
ethers by heating 0.5-2.0 ug of adduct in 50 uL of pyridine-BSTFA '
(N,O-bis-trimethy]si]y]trif]uoroacetamide, 1:4 v/v)‘at 60° for 40 min
under nitrogen.

Mass spectra were recorded on a modified Kratos/AEI MS902, intér-
faced to a Sigma 7-L0GOS II dafa system (Burlingame et al, 1974).
Field desorption spectra were:obtained using conventional benzonitrile-
activated emitters (Beckey, 1977). Samb]es analyzed by electron impact}
mass spectrometry were admitted to thé jon source via the direct |
insertion probe (source temperature 250°). Electron-impact mass spectra

were recorded at a dynamic resolution of 10000 (scan rate 8 or 16 sec/



decade), and elemental compositions were then generated for a given
error tolerance for all fragment ions in the mass spectrum.

Thonwg. !

H-NMR spectra were recorded on a Nicolet. Technologies
NT-360 spectrometer, or on a Bruker HXS-360.spectrometer. Typically,
256-2048 transients were accumulated at a spectral width of 1500 Hz
(16K data points). For nuclear Overhausefveffect experimeﬁts, the
decoupling field was gated off during data acquisition, and a delay
time of 3-3.5 seconds was ihserted between the end of data acquisition
and the beginning of the following pulse. With samples where the size
of the residual solvent signal (HDO) was a probTem, a weak saturating .
pulse was applied brior to the main RF pulse in ofder-to se1ect1ve1y
subress the solvent signai. Spectra used for detecting. NOE enhance-
ments were first zero-filled to give 32K data points, and then sub-
tracted from the reference spectrum, usually a spectrum with the
decoupling field set symmetrically on the opposite side of the carrier
frequency. All assignments were made with the aid of extensive homo-
nuclear decoupling experiments.

Spectra were recorded in either 99.996% 020 or 99.96% ds-DMSO.
Samples were prepared by dissolution in 99.96% DZO’ and then
evaporation to dryness under reduced pressure. This was repeated a

total of four times. All final loading steps were carried out under

- a dry nitrogen atmosphere. Typical sample concentrations ranged from
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50-500 pyM. Chemical shifts are referenced to TMS (GHDO=4.75 ppm) .
Acid Hydrolysis. DNA samples were dissolved in 0.4N HC1 (1 mg

mL']) and heated to 65° for 4 hr. The hydrolyzed mixture was reduced
to a minimal volume, and applied to a C-18 Sep Pak cartridge
(Waters, Milford MA). Elution was.carried out with water and then

with methanol, and the methanol fraction was analyzed by HPLC.

Results: HPLC and UV

The results of the photobinding-of 8-MOP and TMP to double-stranded,
high molecular weight DNA are shown in Table I. ‘The modification levels
of 65 and 110 psoralen residues per 1000 base pairs, respective]y, are
similar to the Tevels reported .in the literature by others (Rodighiero
et al, 1970). ~The psora]en-modified DNA's were then hydrolyzed enzy-
matically and the resulting hydrolysis mixture contained the psoralen-
modified nucleosides, along with a much larger amount of ‘unmodified
nucleosides. Isolation of the individual adducts from this complex A
sample matrix was accomplished by high performance liquid chromﬁtography
(HPLC). »

Figures 1a and 1b show the HPLC elution profiles obtained from
enzymatically hydrolyzed [3H] 8-MOP-DNA and [3H]TMP-DNA, respectively.
The peaks eluting between 5 and 20 minutes do not contain 3H, and

correspond to the. unmodified nucleosides (deoxythymidine, deoxycytidine,
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Fig. 2
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deoxyguanosine, and deoxyadenosine). The major 3H-containing peaks
in the case of 8-MOP-modified DNA are F32, F36, F37, F38, and F41

(Figure 1a and Table I). Unreacted 8-MOP elutes at 51 minutes in this

- chromatographic. system. These five fractions together account for

3y. similarly, TMP-modified

greater than 90% of the covalently bound
DNA yielded four major 3H-contaim‘ng fractioné; these are referred to

as F35, F47, F49, and F52. Unreacted TMP has a retention time-of‘62
minutes under these conditions (Figure 1b and Table I). '

The fractions with elution times of between 36 and 55 mfnutes in
this chrbmatographic system contain psoralen-nucleoside monoadducts, and
it is the characterization of thesg monoadducts that is the subject of
this report. With both 8-MOP and TMP, substantial amounts of interstrand
cross-links are formed during these irradiations. These nucleoside-
psoralen-nucleoside adducts have e]utfon times of between 28 and 35
minutes, and the structures of»these diadducts are currently under
investigation. ‘

The absorption specfra of the isolated fractions from 8-MOP or
TMP-modified DNA were found to be of two distinct types. Adducts F36,
F37, and F38 from 8-MOP and TMP adducts‘F47 and F49 had very similar
absorptign spectra with a characteristic maxima at 328 nm (Figure 2).

This spectrum is that of a 4';5'—dihydropsora]en chromophore, and indi-

cates that reaction has occurred at the 4',5'-double bond. The
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remaining monoadducts (8-MOP-F41 and TMP-F52) had absorption spectra ’
with the 328 nm band absent (Figure 2). This spectrum is that of a
3,4-dihydropsoralen derivative, and indicates that reaction has taken

place at the 3,4—(pyrone) double bond of the psoralen.

‘Results: MS

The four 8-MOP nucleoside HPLC fractions (F36, F37, F38, F41) and.
the three TMP-nucleoside fractions (F47, F49, F52) were analyzed by
mass spectrometry. The high polarity and thermal ability of nucleosides
generally rule out fhe direct.usé of conventional electron ihpact '
techniques. _Molecu]ar weight information waS'therefore obtained by
the use of field desorption mass spectrometry (FDMS). The adducts were
then converted to N,0-pertrimethyl silyl ethers and analyzed by high
resolution electron impact mass spectrometry. The resulting.frag-
mentation pattern and elemental composition information, together with

the molecular weight information from FDMS, allowed the assignment of

" overall structures to the adducts.

Analysis by FDMS gave identical results for 8-MOP fractions F38
and F37, indicating a molecular weight of 458 (Table II). 8-MOP-F36
gave results consistent with a molecular weight of 444. Analysis of

the TMP adducts indicated a molecular weight of 470 for TMP-F49 and
456 for TMP-F47 (Table III). There was insufficient material present

in the 8-MOP-F41 or TMP-F52 fractions to obtain an FD mass spectrum.
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A region of the high resolution electron impact mass spectrum

of the TMS derivative of 8-MOP-F38 is shown in Figure 3; 8-MOP-F37

gave an identical high resolution spectrum, indicating that the two
compounds are probably diastereomers. The highest observed mass occurs
at m/z 587 (C2]H]709N2TM52), and correspbnds to the loss of a methy]l
radical from the molecular ion. Additional fragmentation reactions
include loss of the e]ementé of CHZO (m/z 557) and C2H4O (m/z 543)

from m/z 587. Fragmentations which are characteristic of TMS derivatives
of nucleosides include the loss of HOTMS (m/z 497), andrcléévage of

the C-N glycosidic bond with hydrogen rearrangement to yield the
péora]en-bqse fragment at m/i 343.(C]7H]506N2). The region below m/z
220 is dominated by a set of fragment ions identical to those observed
in the mass speEtrum of 8-MOP. The base peak in the spectrum occurs

at m/z 216. The nitrogen content (N2) and overall fragmentation pattern
of these two adducts are consistent with a 1/1 8-MOP-deoxythymidine

adduct. The 2' and 5' hydroxyls of the deoxyribose have been converted

"to TMS ethers, while the pyrimidine and lactone moieties remain intact

under the derivatization conditions used. The mo]ecu]ar_weight obtained

by FDMS (458) is consistent with this assignment. o |
While the mass specfra] results alone do not directly identify the

site of reaction in the psoralen, together with the uv absorption spectra

of the adducts (indicating a 4',5'-dihydropsoralen-type chromophore),
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the data strongly suggest a 1/1 8-MOP-deoxythymidine adduct formed via
cycloaddition to the 4',5'-double bond of the psoralen.

The HRMS results obtained on 8-MOP-F36 were very similar to those
obtained on F37 and F38, except that all of the masses above m/z 300.
are shifted to lower mass by 14 units. The elemental compositions of
the various fragment ions indicate that the nucleoside base moiety
contains C4H3N202,_ru11ng out the presencebof either thymine or cytosine.
The molecular weight and elemental composition data are consistent with
the presence of uracil, however. 8-MOP-F36 {s therefore a 1/1 8-MOP- |
deoxyuridine adduct; apparently formed by hydrolytic deamination of an
initially formed deoxycytidine-psoralen adduct. This reaction has been
observed in other 5,6-dihydrouracil-type compouﬁds (Freeman et al, 1965).
The absorption %pectrum of F36 indicates that the'cycloaddition has
occurred at the 4',5'-double bond of the psoralen

The results obtained on the TMP-DNA adducts F49 and F47 are shown
in Table III. In both cases the mass spectrum is dominated by fragment
“ions from the TMP mofety (base peak = m/z 228), and the region below
m/z 300 is very similar to the spectrum of TMP itself. The highest
observed mass occurs at m/z 598 (C23H2]08N2TM52); corresponding to loss
of a methyl radical from the'molecular ion. The fragmentation pattern
is similar to that observed with the 8-MOP adducts, and includes jons

derived from the loss of the elements of CH,0 (m/z 569), CoH,0 (m/z 555),
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HOTMS (m/z 509), and cleavage of the g1ycosidic»bond.(m/z 355).

Together with the FDMS results, this indicates that F49 contains a 1/1
TMP deoxythymidiné adduct,] and thét F47 contains a 1:1 TMP-deoxyuridine
adduct. Thelabsorptionispectra of these adducts .are consistent with
cyc1oaddition having occurred at the 4',5'-double bond of the psoralen.

The remaining products, 8-MOP-F4] and TMP?F52, gave high resolution
mass spectra (as TMS ethers) markedly different. from that of the other
adducts. For TMP-F52 the base peak in the spectrum occurred at m/z
390 (C]4H]204TM52) rather than m/z 228. This suggests that hydrolysis
and derivatization of the lactone moiefy has occurred, resulting in
a di-TMS dekivative of TMP. An additiona] fragment at m/z 386
(CIOHIZOSNZTMSZ) indicates the preéence of deoxythymidine. These results
are consistent with a 1/1 TMP-deoxythymidine adduct in which the lactone
moiety of the psoralen has.undergone hydrolysis to the hydroxy-acid and
subsequent conversion to a TMS ether/TMS ester. Facile ring opening
in the lactone is characteristic of a 3,4-dihydropsoralen, and the
- absorption spectrum of this adduct is consistent with the absence of a
3,4-double bond. TMP-F52 is therefore most probably a 1/1 deoxythy-
midine-TMP adduct, where cycloaddition has occurred on'thevpyfone
(3.4-doUb1e bond) side of the psoralen. Extensive fragmentation
apparently takes place with the tetra-TMS derivative of this adduct, so

that few ions directly related to the molecular ion are observed. The



highest observed mass occurs at m/z 516 (C]QHIBOGNZTMSZ) and corres-
'ponqs to cleavage of the glycosidic bond. There was insufficient

]H—NMR; further work to confirm the -

material available for FDMS or
identity of this adduct is in progress.

The mass spectrum of the TMS derivative of 8-MOP-F41.was similar
to that of TMP-F52 in that ions diagnostic for the presence of a di-
TMS derivative of the psoralen occur at m/z 378 [C]ZHBOS(TMS)Z] and 363
[C1]H505(TMS)2]. Additional ions indicating the presence of deoxy-
thymidine.occur at m/z 386 [C10H12N205(TMS)2] and 126 (C5H6N202).
~ These data, together with the ultraviolet ab;orption spectrum, are
consistent with the presence of a 1/1 8-MOP/deoxythymidine adduct where
cycloaddition has occurred at the 3,4-(pyrone) double bond of the
psoralen.

The psoralen-DNA cyc]oaddition which occurs at the 5,6-double bond
of a pyrimidine base greatly facilitates the susceptibility towards
acid hydrolysis of the C-N glycosidic bond of the modified nucleoside.
“Acid hydrolysis of the psoralen-modified DNA was therefore used to
isolate and characterize the aglycone derivatives_pf the psoralen-
modif'ied'residues.2 Hydrolysis of 8-MOP DNA in mild acid (0.4N HCI,
60°, 2 hr) and subsequent chromatography yielded three monoadducts,
referred to as 8-MOP-F39H', 8-MOP-F40H', and 8-MOP-F42H', in approxi-

mately a 5/80/15 ratio. . The absorption spectrum .of the major product,
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8-MOP-F40H+, indicated the presence of a 4',5'-dihydropsoralen chromo-

phore and is different from that of the other two fractions. 8-MOP-F39H

and 8-MOP-F42H" were found to interconvert at room'temperature and

neutral pH; at elevated temperatures in mild acid (50°, pH 2), the
formation of F42H' is favored over F39H'. F42H" has an absorption
spectrum similar to that of TMP-F52, indicating that reaction has
occurred at the 3,4(pyrone) double bond of the psoralen. This inter-
conversion between F3§H+ and Fa2H' is most likely due to hydrb]ysis

of the lactone to a &hydroxy acid. Both MS and NMR results obtained

- on Fa2H' are consistent with the presence of a lactone moiety.

These aglycon adducts were sufficiently volatile to allow direct

- HRMS analysis without the need for conversion to TMS derivatives. The

data in Table V indicate that a small molecular ion (<5% of base peak)
is observed for 8-MOPFAOH" (m/z 342, Cy;H1,N,0¢). The spectra are
otherwise very similar to that observed for free 8-MOP, with the
exception of ions at m/z 126.(C5H6N202) and 83 (C4H5N0), These two ions
are diagnostic for the presence of thymine (McCloskey, 1974). The
fragmentation patterns are therefore consistent with furan-side or pyrone-
side 1/1 8-MOP-thymine adducts, and the FD mass spectra confirmed this
assignment (Table IV).

Acid hydrolysis of TMP-modified DNA resulted in a single major

monoadduct, TMP-F50H+. ‘The mass spectrum of this adduct gave a molecular
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ion at m/z 354 (c19H18N205)’ along with ions indicative of the presence
of thymine at m/z 126 (CSHGNZOZ) and 83 (C4H5N0). The FD mass spectrum
-of this adduct waé consistent with its assignment as a 1/1 TMP-thymine
adduct. The UV absorption. spectrum was identical to that of a 4',5'-
dihydro-TMP derivative. | _

The relationship of the major'acid hydr61ysis products to the
nucleoside-psoralen adducts obtained by enzyme hydro]yéis was deter-
mined by subjecting the pure nucleoside adducts to identical hydrolysis
condftions (0.4N HC1, 60°, 2 hr). Subsequent chromatography revealed
~ that 8-MOP F4OH+ is derived from both 8-MOP-F37 and 8-MOP-F38, while
8-MOP-42H" is derived from 8-MOP-F41. The major TMP-DNA acid hydrolysis
product, TMP-F40H+, is derived from TMP-F49. Various minor products
were observed fn the monoadduct fraction of the acid hydrolysates of
8-MOP or TMP-modified DNA,. but were not present in amounts that allowed
for characterization. It is possible that the aglycone derivativesvof
8-MOP-F36, TMP-F47, and TMP-F52 were present in these uncharacteristic
fractions.

1

Results:. "H-NMR

1

8-MOP DNA Adducts. The 360 MHz H—NMR spectra of F37 and F38 are

“shown in Figures 4 and 6. Both adducts give similar spectra, with various

small shift differences. The 4' and 5' protons of the 8-MOP moiety and



19 - -

.

the 5-CH3 and 6-H of the thymidine residue show upfield shifts, indicating

that the 4',5'-furan double bond of thé psoralen and the 5,6-double bond
of the pyrimidine have undefgone reaction. These data are consistent
with a cyclobutane structure derived from a 2+2 cycloaddition of a
thymidine residue to the 4',5'-doubte bond of 8-MOP.

The regiospecificity of these furan-side monoadducts can be assigned
by homdnuc]ear decoupling analysis of the protons of the cyclobutyl |
system. The downfield 5'-H of the psoralen is coupled equally tb both
the 4'-H of the psoralen and the 6-H thymidine proton, resulting in an

. apparent triplet at 5.55 -(J4.5. = Jgig = 5.5 Hz)t This pattern is

consistent only with a syn orientation about the cyclobutane ring; in
the anti orientation the H-5' psoralen proton would.undergo vicinal
coupling only io the psoralen 4'-H. There is a small cross-coupling
(4J) between the protons.pbsitioned diagonally to each other on the
cyclobutane ring (4'-H of the psoralen and 6-H of the thymidine). This
cross-coupling is readily observed for the 6-H thymidine resonance (a
doublet of doublets), but in the case of the psoralen 4'-H resonance
it is masked by 4J coupling between 4'-H and 5-H of the psoralen.
Irradiafjon of the 5-H resonance yields a decoupled spectrum in which
the mutué].].S.Hz cross-coupling is clearly revealed.

The cyc]dbutahe ring can adopt a wide range of}conformations,

dépending on the substituents present. While 3Jcis.is_genera11y larger
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than 3J the rangesithat these coupling constants can assume have

= 3 = -
cis © 4.6-11.4 Hz, “J, s = 2.24-10.7 Hz)

(Fleming & Williams, 1967). The assignment of cis or trans stereo-

trans’
considerable overlap (3J

chemistfy cannot therefore be made on the basis of evidence derived
solely from coupling constants. Nuclear Overhauser effect (NOE)
experiments, however, are ideally suited for distinguishing such
stereochemistries. For a proton-proton spin system, the principal
mode of relaxation is through a dipo1e§dipole interaction that has a

r'6 dependence on the spatial separation of the observed and irradiated

spins (Bell & Saunders, 1969). The cyclobutyl systems considered in_

this study are ideally suited for NOE enhancement experiments since the
molecule is féﬁrly rigid in the region of interest, minimizing compli-
cationé due to ‘rotation about4carbon-carbon bonds. In addition,
proton-proton and proton-methyl distances in diastereomeric cis or
trans fused ring systems will be substantially different, sd that the
r's dependence of the NOE will lead to easily distinguishab]e differences.
NOE enhancements are thus a sensitive indicator of relative stereo-
chemistry in a substituted cyclobutane.

._ The NOE difference spectra for 8-MOP-F38 are ;hown_in Figure 5.
Irradiation of the 5'-H resonance in F38 resulted in approximately
equal enhancements of the 6-H(dT) and 4'-H resonances (Table VI). This

result not only corroborates the assignment of syn stereochemistry as



Struc.
3,3, 4

here

derivedvabbve from a consideration of the coupling 'pattern, but also
establishes that these three protons (5'-H, 4'-H and 6-H(dT)2 are cié
with respect to the plane of the cyclobutane ring. The 5-CH3 of the
thymidine moiety was shown to be adjacent and cis to 4'-H and 6-H(dT)
when irradiation of this methyl led to a substantial enhancement of
these two resonances. No significant NOE was observed between the
5-CH3 df the thymidine moiety and 5'-H of the 8-MOP residue. These
results are consistent only with a cis-éyn stereochemistry, as shown

inVStructures 3 and 3'. Virtually identical NOE results were obtained -

with 8-MOP-F37, indicating that these two adductS must have the stereo-

chemical relationship shown in structures 3 and 3'. Additional '
support for the existence of cis-syn stereochemistry was obtained
from NOE enhancément measurements on the aglycone derivative of F37
and F38, 8-MOP-F40H™ (Table VI). B |

The 1H-NMR data obtained on F36 are summarized in Table V. These
data are consistent with its structural assignment as a furan-side
psoralen-deoxyuridine add&ct, having cis-syn stereochemistry. In this
case there are four protons about the cyclobutane ring, resulting in
fdur multiplets. There are two sets of approximaté]y equal coupling
constants, with J4.’5. = J4.’5 = 5.5 Hz and JS',G = J5,6 = 9.2 Hz.
The small quantities of F36 available for analysis made it difficult

4

to accurate1y measure the values of the 'J cross-couplings, although
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_an upper limit of 1.5 Hz was established. As was found'for F37 and
F38, there is an additional complication dde to coupling between the
4'-H and 5-H of the psoralen. There was insufficient material to
attempt NOE enhancement experimehts on this adduct.

The TH-NMR spectrum of 8-MOP-F41 confirmed its assignment as a
pyrone-side monoadduct to thymidine (Table V and Figure 6). The
psoralen protons at 4' and 5' arevpresent in the aromatic region,
while the 3-H and 4-H have undergone upfield shifts into the 3.4-4.5
ppm region. The 3-H is coupled to both 4;H and 6-H of thymidine,

“resulting in a doublet of doublets at 3.56 ppm. The two cyc]obutyl‘

doublets collapse to singlets when the 3-H is irradiated. The regio-

gfg?g:g chemistry of this system is therefore syn, as shown in structures Z
2’19 and 2- The sigha] to noise ratio for this sample was not high enough
here to obtain reliable NOE enhancements. While this does not allow an
unambiguous assignment of cis or trans stereochemistry, the cis con-
figuration (structure Z) is most consistent with the proposed model
for psoralen-DNA interactions (Strauﬁ et al, 1981). The 1H-NMR spectrum
of 8-MOP-F42H" (Table V) is consistent with its assignment as an
aglycon derivative of BAMOP-F41.. |
TMP;DNA Adducts. The ]H-NMR spectrum of TMP-F49 is shown in Figure
F;g. 7 7. Obviously there are more resonances present in this spectrum than
ere

are required by a single TMP-nucleoside adduct. The mass spectral results
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here

clearly indicate the presence of a.TMP-thymidine adduct. Most of the
proton and methyl resonances occur in pairs with slight chemical shift
differences, suggesting the presence of two diastereomers in approximately
a 1/1 ratio. The 4'-H and'5'-CH3 resonances of the TMP moiety along with
the 5-CH3 and 6-H resonances of the thymidine are shifted to higher
field, indicating that cycloaddition has occurred on the furan side of-
the psoralen. ‘_ | o '

No vicinal (3H) coupling of the two.éyélobufane protons was observed |

for either diastereomer, reflecting a syn orientation. There is cross-

- coupling (J4',6 ~2'Hz) of the diagonally positioned 6-H(dT) and 4'?H(TMP),

analogous to a situation observed for the 8-MOP-thymidihe'adducts. In

_ order to clearly reveal the cross-éoup]ing between the two ¢yc10butane

protons, it was‘necessary to decouple the 5-H of the TMP moiety.. Although
there was insufficient TMP-F49 to brovide the signal to noise ratio
necessary for NOE enhancement measurements, enough of.the aglycone
derivative of F49 for NOE analysis was obtained by acid hydro]ysis of

a sample of TMP-modified DNA (TMP-F50H+). Irradiation'of either of the
two cyclobutyl methyls (5'-CH3 and S-CHa(dT)) showed relatively large

and approximately equal enhancements for both of the cyclobutyl protons
(Tab]e'VII). This result is consistent only with a structure where both
methyls are cis and adjacent to both cyclobutyl profons. The aglycone

of TMP-F49 (and therefore F49) thus has the same cis-syn stereochemistry



as found for the 8-MOP-nuc1eoside.adddcts.
TMP-F47 had a ]H-NMR spectrum consistent with its assignment as a
TMP-deoxyuridine adduct. There are three methyl resonances, corresponding

the the CH,'s at C-4, C-8, and C-5' of TMP. The cyc1obuty] system con-

3
sists of three protons and the 5'-CH3 from the TMP moiety. The‘5-H
resonance of the deoxyuridine is an apparent triplet, indicatingAthat
J4‘,5 = J5,6' Irradiation at 5-H of the deoxyuridine results in a pair

of apparent singlets for.4'-H of the TMP and 6-H of the byrimidine reSidue;

this implies that cross coupling between these diagonally bositioned

' protons ‘is less than the 1.5 Hz 1ine width of the signals. These

results are consistent with cis-syn stereochemistry. In addition, F47

as isolated appears to be a single diastereomer.

.Discussion

The phptocyc]oaddition of a pyrimidine to a psoralen generates a
cyclobutane ring with four asymmetric centers. In nucleoside adducts,
an additional invarianf chiral center is present in the deoxyribose
moiety. Reaction can take place at either the»4';5'-furan or 3,4-
pyrone side double bonds of the psoralen. This addition can occur in
either a syn or anti configuration, where syn refers to a configuration
where the 5-position of the pyrimidine and the 5' dr 3-position of the

psoralen are at diagonally opposed corners of the cyclobutane ring.
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Anti, then, refers to a configuration where the 5-position of the
pyrimidine is adjacent to either the 5'- or 3-position of the psoralen.
There are thus four sets of diastereomers (furan-side syn, furan-side,
anti, pyrone-side syn, pyrone-side gg;j), each having in theory 24 = 16
possible isomers. Twelve of the sixteen isomers will incorporate a |
trans-fused cyclobutane. While such.a tran#-fused four-membered ring

is possible, the steric strain'present_in'a tricyclo[4.0.0.3] system
incorporating one or two .trigonal centers would be prohibitivé} As
discussed below, NOE enhancement meésurements are an effective tool

for unequivocally assigning stereochemistry in such systems.

The four remaining isomers which incorporate a cis-fused cyclo-
butane are in fact two pairs of enantiomers if one disregards the
presence of the'deoxyribose. This can occur at each of the possible
addition sites on the psoralen, so that there are a total of 8 possible
pairs of enantiomers. The notation cis or trans is used to refer to
whether the pyrimidine qnd psoralen moieties are on the same or
opposite sides of the cyclobutane ring. These 8 possible isomers are
denoted as structures §-1Q. Each strucfure has anraccompanying diastereomer,
where the configuration af each asymmetric center on the cyclobutane
ring is obposite.that shown, The presence of an additional invariant
asymmetric center in the.deoXyribosé moiety df hucleoside adducts yields

a pair of diastereomers rather than enantiomers. Removal of the deoxy-
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ribose will result in pairs of enantiomers. The relationship. between
these diastereomeric pairs is illustrated for the cis-syn :isomers,
structures 3 and 3'. » |

The mass spectral and-]H-NMR results outlined above indicate that
both 8-MOP and TMP undergo photoreaction with DNA to yield as major
products a pair of diastereomeric furan-Side thymidine adducts. 'The
two psoralens also undergo reaction with deoxycytidine (and perhaps
deoxy-5-methylcytodine) residues. 'The NMR results unequivocally define
the stereochemistry of these adducts as cis-syn furan-side adducts,
"~ where cycloaddition has occurred between the 4',5' double bond of the
‘psora1en and.the 5,6 double bond of the pyrimidine. The pairs of
8-MOP-thymidine (F37, F38) and TMP-ihymidine (F49) adducts therefore
_have the stereochemical relationship répresented'in structures 3 and
3'. That is, the stereochemistry at each_asymmetric center of the cyclo-
butane ring is opposite and equal, but the presence of an invariant
chiral center in the deoxyribose results in a'paif of'diastereomers.

Removal of the deoxyribose can be accomplished by acid hydrolysis,
since reduction of the 5,6-double bpnd in pyrimidine nucleosides
greatly increases the acid ]abi]ity‘of the C-N g]yébsidic bond. When
acid hydrolysis is carried out on 8-MOP-F37 and ~-F-38, they are con-
verted to thymine-8-MOP adducts which co-elute under our standard

HPLC conditions. The two hydrolysis products have»opposite and equal



circular dichroism spectra, as expected'for a pair of enantiomers. The
cD spectra ole37 and F38 are.also approxihatelonpposite'and equal
(Figure 8), since the deoxyribose moiefy.inf]uences the overall molar
ellipticity of each diastereomer to a small degree. .Similér'results

were obtained for TMP-F49. The |

H-NMR spectrum of TMP-F49 indicates
that it is actually a 1/T mixture of'diastereomeric adductﬁ,'each
having cis-syn stergochemiStry.' Acid hydrolysis of this mixture
results in apparently a single product by NMR, as expected for an
enantiomeric mixture.

The formation 6f diastereomeric pairs of adducts can be explained
by considering-the steps involved in the binding of psoralens to DNA.
The formation of a non-covalent complex occurs by intercalation of the
psora]en'betweeh adjacent pairs of the DNA double helix (Wiesehahn &
Hearst, 1978). This complex can then undergo photoreaction to yield a
covalent nucleoside-psoralen adduct. The question of which of the
two possib]e cis-syn diastereomers is formed is determined by whether
the psoralen is on top, or underneath, of a given base pafr.

The deoxyuridine adducts found for fhe two.p;pra]ens (8-MOP-F36
and TMP-F47):appeér to be single cis-syn diastereomers based on their
]H-NMR. It is possible that their accompanying diastereomers are present

as minor uncharacterized products in our chromatographic system. Also,

- 8-MOP-F41.may consist- of more than a single diastereomer, but complete
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- analysis of this fraction is complicated by the facile hydrolysis
of the lactone in 3,4-dih§dropsora]en derivatives, leading to
multiple products. An accurate measurement of the relative amounts
of the two diastereomeric adducts (8-MOP-F37, -F38) formed in the
reactibnvwith double-stranded DNA is important, since a preference
for the formation of one diastereomef indicates a preference by the
psoralén for intercalation on top, or underneath,‘of an AT base pair.
Such short range sequence specificity has been observed with other
intercalating agents sﬁch.as ethidium bromide (Kastrup et al, 1978).
The results in Table I indicate a preference in the diastereomeric
‘ratio of F38/F37 of 7/4. Confirmation of this preference has been
obtained by hydroiyzing 8-MOP-modified DNA and measuring the CD of -
the isolated 8-MOP-thymine adduct, 8-MOP-F40H'. The CD was compared
to the CD spectrum of the pure enantiomer obtained by acid hydrolysis
of 8-MOP-¥37 and -F38. In contrast, the two TMP-thymidine adducts
present in TMP-F49 appear to be formed in a 1/1 ratio. The absolute
configurations of these adducts are currently under investigation,
and will allow us to assign the sequence. specificity of 8-MOP as (5')}TpX
or (5')Xpt. )
The results obtained in this study indicate that complete hydrolysis
of psoralen-modified DNA can be achieved, either enzymatically or by

treatment with mild acid. Characterization of the psoralen-modified
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DNA by HPLC wi11.then.aIIOW'direct quantification of the number and type
of psoralen-nucleoside monoadducts and crosslinks present in the DNA. |
This methodology has the potential of becoming a standard assay for the
~detection of both mono- and di-adducts in psoralen-modified nucleic acids.

The_resu]ts of the present study are similar to those obtained
previously by us with a synthetic psoralen derivative, 4'-hydroxymethyl-
4,5',8-trimethylpsoralen (HMT) (Straub et al, 1981). The photoreaction
-of HMT with doub]e-stranded.DNA.yieIds a set of psoralen-nucleoside
monoadducts similar to those observed for TMP. The major products are
~diastereomeric cis-syn, furan-side adducts with thymidine and deoxy-
uridine (deoxycytidine) residues. With both HMT and TMP, addition to
the 3,4-(pyrone) double bond of the psoralen-is a minor reaction com-
pared to addition to the 4',5'-(furan) double bond. In contrast, the
reaction of 8-MOP with DNA results in a substantial amount (18%) of
the pyrone-side adduct, F41. These results do not agree with pre-
dictions of the sites of reactivity in péora]ené made by others (Song
et al 1971; Chatterjee & Cantor, 1978).

A possible explanation for the observed specificity is that the
steric constraints imposed by the noncovalent psoralen-DNA inter-
ca]ation'éomplex prior .to irradiation in part determines the stereo-
chemistry of the products. A model for such an intercalation complex

. has been proposed, where photoreaction with adjacent pyrimidine residues



will lead to the observed furan- or pyrone-side, cis-syn stereo-
chemistry at either the 4',5'- or 3,4-double bonds of the psoralen.

It is possible that a methyl substituent at either the 3 or 4-positions
of the psofa]en']eads to unfavorable steric interactions with the 5-
methyl of an adjacent thymine, resulting in a decreased yield of
pyrone-side adducts. This interaction is absent fof 8-MOP, and could
account for the increased yield of. pyrone-side adduct obse*ved with

this psoralen. Other factors such as electronic effects and solubility
considerations will of course influence the overall quantum yield of the
_ psoralen-DNA reaction. This model also predicts that cis-syn stereo-
chemistry is in part the result of carrying out the photoreaction with
native, double-stranded DNA. It is possible that other diastereomeric
adducts could ré§u]t from reaction with alternative nucleic acid
secondary or tertiary structures. Should this be the case, then psoralens
could be uniquely useful as probes of secondary and tertiary nucleic

acid structure. Experiments are currently underway to test this hypothesis.

Conclusions _

We have isolated and characterized four mononucleoside .adducts
from the photoreaction of 8-MOP or TMP with native, double-stranded
DNA. Two diastereomeric adducts of thymidine are formed by cyclo-

addition to the 4',5'-(furan) double bond of the psoralen, with cis-



syn stereochemistry. Small amounts of a cis-syn deoxycytidiﬁe adduct

are also formed; which undergoes hydrolytic deamination ‘to a deoxy-
uridine product. In the case of 8-MOP, substantial.quantities of a
pyrone-side adduct are.formed,'where cyc]oaddition.has taken place at

the 3,4-double bond of the psoralen. The photoreaction between TMP

and DNA results in only minor quantities of a deoxythymidine-pyrone

side adduct. Al171 of the adducts havevéis-syn stereochemistry, determined
in part by the constraints imposed by the DNA heiix on the geometry

of the non-covalent intercalation complex formed by'the psoralen and.

- DNA prior to irradiation. Acid hydrolysis sfudies on 8-MOP_or T™MP-
modified DNA resulted in the isolation and characterization of a mixture
of enantiomeric cis-syn thymine-psoralen adducté, identical to the
aglycone derivaiives of the deoxythymidine adducts. With double-stranded
DNA there is a 7/4.preferenée for the formation of one diastereomeric
nucleoside 8-MOP adduct, indicating a specificity by the psoralen for a
(5')TpX or (5')XpT sequence. The methodology described in this study
provideé an assay for the complete characterization of both mono- -and

di-adducts in psoralen-modified nucleic acids.
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Table I. 3H'RecoverieS'and Modification Levels for Psoralen-DNA Reactions

| Ceme® TP
1. Psoralen added per base pair 0.28 | - 0.50
2. Psoralen bound per base pair . 0.065 ' 0.110
3. HPLC fractions, enzyme—hydro]yzéd
psoralen-DNA, % bound 3H in ' fractioh_z ' fraction %
| F33 26  Fu-369 &
F36 2 Fa7® <2
P37 16 . Fa9’ 55
F38 - 28
Fa2 18 F529 2.5

- Single addition of psoralen, 2.5 hr irradiation. b Multiple additions of
psoralen, 10 min irradiation after each addition. ¢ Avérage of three
detérminations. qvNuc]eoside-psora]en-nuc1eosidé cross-linked fraction.

f

® Furan-side deoxyuridine monoadducts. Diastereomeric furan-side deoxy-

thymidine monoadducts. g‘Py\r'oné-side deoxythymidine monoadducts.



Table II. High Resolution Mass Spectral Data for 8-MOP-Nucleoside Adducts.
F362 Far FagP - F41

mz  composition mz - wz  composition”  m/z  composition
5731736 CpgH s0qN,THS,  587.1843  587.1843  Cy H,00N,TMS,  386.1730  C,oHo N,0.THS,
543.1604  CygH j0gN,TMS,  557.1749  B57.1749  Coghc0gN,TMS,  378.1375  C ,Ha0.ThS,
529.1467  Cyghy(OgN,THS,  543.1608  543.1617  C oM ,00N,THS,  363.1094  C, HO.TMS,
501.1490  Cy;Hj 0N, TMS,  515.1608  515.1657  Cyghi50,N,TMS,  289.0884  C,,H0,THS
483.1211  C,pgHy 40N, THS 497.1376  497.1381  CpqH, OGN, THS 216.007  C H0,
455.1268  CqgHy40,N,THS 469.1436  469.1436  C,H, 0N THS 201.0184 €, HO,
427.1328 C]8H]406N2TMS 441,1486 441.1484 C]9H]606N2TMS 188.0467 C”H803
401.1151 . Cq gy 0N, TS 415.1328 4151327 . CpH 00N, THS  173.0245 € MO,
355.0047 Gy gy 0N, 369.1109  369.1094  CygHy;0,N, 126.0433  CAHAN,0,
329.0781 Gy Hy 40N, 3430923 343.0904  Cy7H;00N,
289.0887 Gy Hg0,THS 289.0900  289.0894  Cy,Hg0,THS -
216.029  Cy,Hg0, 216.0416  216.0431  Cy,Hg0,
201.0182  CqqHe0, 201.0185  201.0185  CyqHc0,
188.0475  Cy1Hg0s 188.0472  188.0473  Cy,Hg0,
173.0280 Gy Hc04 173.0236  173.0242  Cyhg0,
99.0261 C4H;051 113.0422  113.0825  CcHg0Si

2 FDMS of 8-MOP-F36 gave m/z 216, 444 (M"), 467 (M + Na').
216, 458 (M+), 481 (M + Na+), 939 (M2 + Na+). € all errors for elemental composition matches

are <10 ppm.

b

FDMS of 8-MOP-F37, F38 gave m/z

.98




Table IIT. High Resolutien Mass Spectial Data for TMP-Nucleoside Adducts.

 TMp-Fa7®

TMP-Fa9% TMP-F52
m/z elemental n/z elemental m/z elemental assignment
_ composition ... . . .. .composition composition
599.2240 C23H2]08N2TMS2 585.2107 C22H]908N2TMS2 - M- CHy (ion "m")
569.2160 022H1907N2TMS2 555.2009 ' CyqHy70,N,THS, - m - CH20
555.1997 CoHog0aN, TS, - 54].18427 C?_OH]507N2TMS2 - - o
509.1733 C23H2007N2TMS 495,1590 C22H1807N2TMS - m - HOTMS
481.1781 CZZHZOOGNZTMS 467.1652 c21“]806N2TMS -
453,1822 CoyHyg06N, TMS 439.1688 C20H1805N2TMS - M- C3H403TMS
427.1687 C]9H1805N2TMS 413.1540. C]8H1605N2TMS‘ -
- - "~ 390.1685 C]4H]204TMS2 TMP, di TMS ether/ester
- - 386.1726 ClOHIZOSNZTMSZ thymidine, diTMS ether
381.1469 ¢21H2105N2 367.1281 Cogtyg05No _ - M- C3H504TMS,
- - A 375.1473 C]3H904TMS2 390 - CHy
367.1310 Cogty905N, 353.1140 019“17°5N2 : - :
- 355.1279 C]9H]'905N2 341.1136 c]8H]705N2 516.2140 c]9H1806N2TM52 M- dr
~301.1236 'C]4H]203TMS ;301.1257 C]4H]203TMS 301.1262 c]4H]203TMS TMP. + TMS
228.0787 C]4H]203 228.0782 CI4H]203 228.0786 Cy4H1203 TMP
200.0832 ‘C]3H]202 200.0833 C]3H]202 200.0848 C]3”]202 288 - CO
- N L= 199.0896 CSHGOZNZTMS thymine + TMS
- 199.0759 C]3H”02 199.0753 cnﬂno2 - 228 - HCO

2 FDMS of TMP F49 gave m/z 126, 228, 470 (M'), 493 (M + Na'), 963 (M,Na"). ;
228, 456 (M+). 479 (M + Na+), 935.(M2Na+). ¢ Errors for composition matches are <10 ppm.

ribose, TMS = trimethylsilyl.

b

FDMS of TMP F47 gave m/z

dR = deoxy-

LE



Table IV. High Resolution Mass Spectral Data for Acid Hydrb]yzed
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Psoralen-DNA Monoadducts

g-Mop-Faon* 2 8-MoP-Fazh* P
m/i elemental m/z elemental" assignment
composition composition
342.0850 Ci7H]406N2 M
216.0425  Cy,Hg0, - 216.0412 Cy,Hg0, 8-MOP
201.0174 C1H50,4 201.0182 Cy2Hg04 216 - CHg
188.0472 C41Hg03 188.0468 C41Hg03 216 - CO
173.0241 Cyot503 173.0240 _‘C]OHso3
145.0292 CyHg0, 145.0293 CqHg0,
140.0579 CeHgloN, 140.0581 CeHg0oN,
126.0431 CgHg0oN, ~ 126.0433 CgHgO,N, thymine
83.0372°  C,HgON 83.0371 C4HgNO 126 - HNCO
TMP-F50H" ©
354.1217  Cqyghyg0sN, M*
228.0793 Cy4t1203 T™P
200.0836 Cy3Hy20, 228 - CO
199.0761 Cy3Hy102 228 - HCO
185.0592 C,2Hg0, .
126.0429 C5HgOoN, thymine
83.0374 C4HzON 126 - HNCO

3 FpMs gives m/z 126, 216, 342 (M+), 365 (M +vNa+). b‘FDMS gives m/z 126, 216.
C FOMS gives m/z 126, 228, 354 (M+), 377 (M + Na+). d Errors for composition

matches are <10 ppm.



Table V. Chemical Shifts (8,ppm)® and Coupling Constants of 8-MOP-DNA Monoadduéts.
| P8 _
7.865d

moietyb

C-4-H (8-MOP)
Jg,3
C-5-H (8-MOP)
C-3-H (8-MOP)
C-1'-H (dR)
C-5'-H (8-MOP)
g g
Jsi 6
C-6-H (U or T)
g0 .6
- d56
C-3'-H"(dR)
C-4'-H (8-MOP)
gt 5
C-5-H (U)
C-4'-H (dR)
C-8-0CH;
C-5'-H (dR)
€-2',2"-H (dR)
C-5-CHy (T)

F36

8.044 d
9.5 Hz
7.181 s
6.339
6.208
5.569 t
5.4 Hz
9.2 Hz
4.519 m
1.5 Hz
9.2 Hz
4.215 m

ot Q

4.773 m -

5.4 Hz
4,011 t
0 3.853 m
3.894 s
3,710 m

2,103, 1.958 m

_F37

7.930 d
- 9.5 Hz
7.182 s
6.343 d
6.200 t
5.546 dd
5.5 Hz
5.8 Hz
4,435 dd
1.2 Hz
4.385 m
4,189 d

-

3.931 m
3,946 s
3.757 m.
2.450, 2.300 m
1.669 s

9.5 Hz
7.103 s
6.294 d
6.210 t
5.600 t

5.5 Hz

5.5 Hz
4,480 dd

1.5 Hz .

4,390 m

4.161 d

-

3,900 m
3.880 s
3.700 m
2,232 m

1.655 s

F41_

4.161 d

9.7 Hz

7.284 s -

3.54 dd
6.280 dd
7.603 d

2.2 Hz
4.255 d

- 4.358 m

6.753 d

3.90' m

- 4.032 s

3.714 m
2.08 m
1.605 s

FaoH*

7.899 d
9.5 Hz

7.131 s

6.317 d

-

5.581 t

5.5 Hz

5.5 Hz
4,155 dd
2.5 Hz

‘raont

3.59d
10 Hz
7.220 s
3.499 dd
7.720 d
04151 = 2.2 Hz
4.015 d
‘J3,6 10 Hz
J4,6 2 Hz

6.640

@ § HDO = 4.75 ppm. b dR = deoxyribose; U = uracil; T = thymine.

6
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Table VI. Nuclear Overhauser Effect (NOE) EXperiments on Psoralen-DNA Monoadducts.

psoralen irradiated observed % enhancements®
resonance - .resonance EQZP | £§§P F40H+ c
8-MOP C-5'-H (8-MOP)  C-4'-H (8-MOP) = 8.7 4.5 8.2
C-6-H (T) 10 4.7 4.6
C~5-CH(8-MOP) 0o 0 0
C-S-CH3 (1) C-4'-H (8-MOP) = 13 15 11.2
' C-6-H (T) 9.4  10.6  10.4
C-5'-H (8-MOP) 0 0 0
- FsoHt ©
™P C-5'-CH, (TMP)  C-4'-H (TMP) 16.7
C-6-H (T)  15.6
C-5-CHy (T) C-4'-H (TWP) 17.8

C-6-H (T) : 14.8

b

@ rror is +1% for F38, F40HT, F50H; 2% for F37. Determined in D,0.

€ Determined in dG-DMSO.
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Table VII. Chemical Shifts (s, ppm)? and Coupling Constants of TMP-DNA

U = uracil; T = thymine,

Monoadducts
moiety . _F47 F49- (49 + 49') F50H"
C-5-J (TMP) 7.378 s 7.379 s 7.350 s
C-3-H (TMP) 6.249 s 6.233 s 6.279 s
C-1'-H. (dR) 6.134 t 6.144, 5.954 t -
C-6-H (U) 4.560 m - -
J5’5=9;2_Hz
g g 1.5 Hz |
C-3'-H (dR) 4.443 m 4.450, 4.340 m -
C-6-H (T) - 4.281, 4.200 d 3.824 d
. J4l’6=2Hz J4|’6=2 HZ
C-4'-H (TMP) 4.285 m - 3.880, 3.861 dd 3.796 dd
Jge 579-2 H2 Igr 62 Hz ' Jge 672 Hz.
C-5-H (V) 4.041 t - - -
J5,6=J4|’5=902 HZ )
C-4'-H (dR) 3.922 m 3.920 m -
C-5"-H (dR) 3.722 m 3.750 m -
C-4-CH, (THP) 2.432 s 2.410 s 2.427 s
c-2',2"-CH, (dR) 2.287 m 2.280 m -
C-8-CHy (TMP) 2.206 s 2.226, 2.208 s 2.244 s
C-5'-CHy (TMP) 1.7 s 1.775, 1.702 s 1.703 s
C-5-CHy (T) - - 1.685, 1.602 s 1.684 s
a Supo = 4.75 ppm. T™P

= 4,5',8-trimethylpsoralen; dR = deoxyribose;
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Figure Captions

Figure 1:

Figure 2:

Ftgure 3:

Figure 4:
Figure 5:

Figure 6:
Figure 7:
Figure 8:

HPLC elution profile of (a) enzyme hydrolyzed 8-MOP modified DNA,
(b) enzyme hydrolyzed TMP modified DNA. |
Absorption spectrum of 8-MOP F38 (——) and 8-MOP F42 (---) in

50% methanol-water. The concentration of 8-MOP-F42 is approx-

1mat¢1y 1.7X that of F38.

High resolution mass spectrum (m/z 400-650) of the TMS-ether
derivative of 8-MOP-F38. ' o

360 MHz 'H-NMR spectrum of 8-MOP-F37.

360 MHz 1H-NMR spectrum of 8-MOP-F38, and NOEvdiffereﬁce spectra
for this adduct. Arrows refer to location of decoupling field.
360 Miz TH-NMR spectrum of 8-MOP-FA1. -
360 MHz TH-NMR spectrum of TMP-F49.

Circular dichroism spectra of 8-MOP-F37 and 8-MOP-F38.






cIs-syn—3  cis=syn-3'

>
o



trans—syn—9 trans —anti-6

w

o



46

8-/JUD -S19




47

Ol -/#uo-suoyy mlt\mnmts\




48

- 30

HO3WN %
O O (@) _ O 0O O
3 D Q O 3 T N & Q
l | | i | | | | R |
N
- ~ . .
N _
N w
| ‘ ~ ,
~ _ N | | |
- < Sy ;
W 00 N
TN b 2
| AN P
N .
, ~
N
~ ,
— N
o _ ~_ ¥
\ TN
Y ~
| —J1
- — .. —
—,
i 1 i | | | | | | |
0 © N~ © 0 3 M o — |
O O O O ®) (@) @) (@) @)

25UDQI0SqY

50

40

20

|0

~ Time (min)




49

. 490

-180

HOSW %

Q
M

=

110

|

09

08I

0.7

o6r

2 <

O o

32uUDQ0SqY

0.3F

20 30 40 30 60

16

(min)

Time




Absorbance

328

_——

) S~
T N Y N I N T N R T e e B
250 300 350 400

Wavelength  (nm)




44

(M= HOTMS)

497
I-.

415

azév
124 4

v ]

Kjsuajuy aAliDia Y

BT

ooy



I o5 e -

€42 (1)

H.E 3
H (1P}

H(dOW)b

OGH

AR
Hdow;s  Hil W€




WMWW MWWM M
WMW |




54

s't  o'¢ m,.N 0'e °'G'€E 0°h S°h G°S S°S 0'9 S°9 C" ¢ S°L

F-———-—-_.___.—L..-—-_-——-_.-—_-_n—b-b—___-—.-—__h—_-—._-___.._—_.—

(dOWS)
, (dOWS) H-S
H-S- H-9 _ H-p s _
(1P)
£Ho-¢
€H20-8 OQH
i




55

T N
H-22
. . | _
H-ldWL1) b H-(LP)9 n'e | H-G
Vs
£H0(1P) \

€4o-6 y

%o-8

£Ho-t | | 0GH




016 |

.004

wiy/s/e

-.004 |-

-.008

-.0l2 |-

56

0 360 380 400

34

280 300 320

260

C(m)

Wavelength




This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable. '




RN

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
i UNIVERSITY OF CALIFORNIA

BERKELEY, CALIFORNIA 94720



