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Abstract

A series of six nitroxide spin-labeled psoralens were designed, synthesized and
tested as probe§ for DNA dynamics. The synthesis of these spin-labeled psoralen
derivatives and their photoreactivity with double-stranded DNA fragments is described.
The spin labels (nitroxides) were demonstrated to survive the UV irradiation required to
bind the probe to the target DNA. EPR spectra of the photobound spin-labels indicate that
they do not wobble with respect to the DNA on the time-scales investigated.

We have used psoralen modified DNA as a model for the study of DNA repair
enzyme systems in human cell free extracts. We have shown that damage-induced DNA
synthesis is associated with removal of psoralen adducts and therefore is "repair synthesis"
and not an aberrant DNA synthesis reaction potentiated by deformation of the DNA by
adducts. We have found that all DNA synthesis induced by psoralen monoadducts is the
consequence of removal of these adducts. By the same approach we have obtained
‘evidence that this in vitro system is capable of removing psoralen cross-links as well.

Reported here are synthetic methods that make use of high intensity lasers coupled
with HPLC purification to make homogeneous and very pure micromole quantities of
furan-siae monoadducted, cross-linked, and pyrone-side monoadducted DNA
oligonucleotides. These molecules are currently being studied by NMR and X-ray
crystallography. The application of the site-specifically psoralen modified oligonucleotides

synthesized by these methods to the construction of substrates for the investigation of DNA
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repair is also discussed.
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Chapter 1

Synthesis and Application of Spin Labeled Psorélens to the
Study of DNA Dynamics

Our goal was to develop a series of probes that could be introduced into native
DNA, that would allow the study of DNA dynamics in the time domain of milli- to nano-
seconds. Molecular dynamics calculations can give useful information for processes that
occur on the pico-second time scale; and ﬂuoresceﬁce techniques can give information on
processes occur up to the micro-second time scale. However, many biological processes
occur on time scales that are many orders of magnitude longer. For example, DNA
polymerases synthesize DNA during replication at approximately 1000 nucleotides per
second. The normal B-form DNA helix is 10 base pairs per turn and if one could observe
bthe postulated polymérase driven rotation of the DNA about the helix axis, it would have a
frequency of about 100 Hz. Other biological processes that occur in this time domain are
transcription and translation. DNA dynamics, both sequence dependent and global, have
biological importance. The recognition of DNA by various proteins has been postulated to
be dependent on the structural reorganization of the target DNA sequence. Repair of DNA
damage sites by ABC excinuclease may be targeted through a process in which lesions alter
the DNA helix dynamics and thus influence binding of the repair complex rather than
through recognition of a particular static structural distortion of the helix (Lin and Sancar,
1989; Puetal., 1989). It has been observed that the affinity of the phage 434 repressor
protein dimer for its operator seqﬁcnce can be reduced 50-fold by changes in the DNA

sequence at the center of the operator (Koudelka et al., 1987). This happens despite the



failure of the protein to make direct contacts with the DNA in this region (Anderson et al.,
1987). Many other techniques have been used to measure DNA dynamics.  NMR studies
of short DNA oligomer dynamics have been interpreted in terms of motions over a range of
10 orders of magnitude (Opella et al., 1981). The motion of the bases in the helix has been
studied mainly by fluoresence polarization anisotropy (Ashikawa er al., 1984). EPR is a
technique that Has been used to study dynamic processes in the milli- to nano-second time
regime. Electron spin resonance (ESR) spectroscopy has been proven to be a very
powerful téchnique for studying DNA and RNA dynamics and their affinities toward
proteins. Early EPR studies of nucleic acids involved the use of spin-labeled tRNA to
investigate tRNA dynamics (for a review, see (Dugas, 1977)). Since then, different
methods and téchniques have been developed to prepare spin-labeled nucleic acids and to
use spin labeling to study the physical and biochemical properties of nucleic acids (Bobst,
1979; Kamzolova and Postnikova, 1981). A family of nitroxide spin-labeled reagents that
bind to nucleic acids by non-covalent interactions have been developed. These include
modified ethidium bromidé, aminoacridines, aminoazaacridine, aminofluorene,
aminoanthracene, and aminochrysene. These spin probes have dynamic motion
independent of the nucleic acid that they are bound to on the nano-second time scale. EPR
has been used to measure motions of spin-labeled intercalators bound to DNA. Motions on
a 40 nsec time scale were detected by this method and interpreted as torsional base motion
(Robinson et al., 1980). Because of this relatively short correlation time, probes of this
kind are not suitable for studies of longer time domain processes.

Three kinds of probes have been used for the sbin labeling of nucleic acids: (1)
paramagnetic metal ions, especially manganese(II) ions (Rauben and Gabbay, 1975); (2)
stable nitroxide radicals; (3) moderately stable positive ion radicals, such as the
chlorpromazine cation (Ohnishi and McConnell, 1965; Piette and Hevarst, 1983). The
stable nitroxide have been the most widely used in biological systems. Site-specific spin-

labeling methods for nucleic acids have been carried out in some selected tRNAs containing
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minor bases in positions known from sequencing (Bobst, 1979). However, it is difficult
to introduce a covalently bound site-specific EPR label into nucleic acids by chemical or
enzymatic means. Direct attachment of a spin-labeled probe to DNA has been
' accomplished.using both enzymatic and chemical syntheses (Bobst ez al., 1984; Kao and
Bobst, 1985; Kirchner ez al., 1990; Spaltenstein er al., 1989). It is clear from these
studies that the length and structure of the tether which connects the nitroxide reporter
group to the DNA haS a profound influence on thé EPR spectra obtained. Long tethers that
permitted free rotation of 'the probe relative to the DNA were unable to give spectra with
correlation times greater than a few nanoseconds. A nitroxide spin-label analog of
‘ thymidine in which the methyl group is replaced by an acetylene tether spin-label site-
specifically incorporated by chemical synthesis into DNA oligomers has given isotropic
rotational correlation times of up to 100 nanoseconds (Spaltenstein ez al., 1989). Steric
inhibition of rotation of the nitroxide by the surrounding DNA has been implicated as the
factor that allows such long correlation times to be observed (Kirchner ez al., 1990).

We have been involved in the study of many fundamental aspects of psoralen
chemistry. A variety of spéciﬁcally functionalized and radiolabeled psoralens have been
developed in our laboratory (Hearst, 1981; Hearst et al., 1984), and (Cimino et al., 1985).
One of our current interests is the construction of a series of probes that will allow us to
study the dynamics of nucleic acids and their interaction with proteins. Toward this end,
we have developed a series of spin-labeled psoralens that will allow us to placel spin labels
at specific sites in DNA and/or RNA molecules. Utilizing the well characterized properties
of psoralens, we set out to design, synthesize, and test a family of nitroxide substituted
psoralens that would allow us to observe DNA dynamic motions. What makes nitroxides
so appealing as spin labels is that they are chemically stable under normal laboratory
conditions, and they are also commercially available with many different reactive functional

groups that can be modified or condensed with other molecules of interest. The
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work described below was done in collaboration with Dr. Dae-Yoon Chi and Mr. Nathan

Hunt. Parts of this work have been previously published (Shi ez al., 1990).
An introduction to the chemistry of Psoralens

Psoralens are linear bifunctional furocoumarins that photochemically alkylate
pyrimidine bases in nucleic acids (Figure 1.1). Reactions take place at the 3,4 or 4',5'
double bonds of the psoralen with the 5,6 double bond in pyrimidines. The primary base
that reacts with psoralens in DNA is thymidine. Figure 1.2 shows the kinetic scheme for
the reactions of psoralens with DNA. The ﬁrst Step isv the intercalation of the psoralen
between base pairs of a double stranded nucleic acid. The intercalated psoralen then reacts
with the pyrimidine bases to form either furan-side or pyrone-side monoadduct wheﬁ
irradiated with long wave-length UV light (320-410 nm). Furan-side monoadducts can
photoreact with adjacent pyrimidine bases on the opposite strand to give an interstrand
cross-link by absorbing a second photon. Pyrone-side monoadducts do not absorb light at
wavelengths above 320 nm, so they can not be driven on to interstrand cross-links with
long wave-length UV light. Rather than forming an interstrand cross-link, the primary
photoreaction of the pyrone-side adduct upon absorption of a photon is photoreversal.
Upon absbrption of a photon, the cross-link can be photoreQersed to yield either a furan-
side or pyrone-side monoadduct and the unmodified DNA (Shi and Hearst, 1987b). In
addition to the formation of interstrand cross-links, furan-side monoadduct can be
photoreversed and can photochemically isomerize in the helix to give pyroneQSide
monoadduct (Tessman er al., 1985). The reversal of the furan-side monoadduct can be
accomplished either photochemically or by base catalyzed reversal (Shi ez al., 1988; Yeung
et al., 1988). The cross-link can also be reversed to give pyrone-sidé adduct by the base
catalyzed reversal reaction. Figure 1.3 shows the structure of the three main adducts

between thymidine and HMT. The detailed structure of both monoadducts and diadducts
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Figure 1.2 Psoralen-DNA Kinetic Scheme
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dT-HMT furan-side monoadduct, cis-syn conformation

dT-HMT pyrone-side monoadduct, cis-syn conformation

dT-HMT-dT diadduct, cis-syn conformation

Figure 1.3 Structures of the three main types of HMT-Thymidine adducts
formed during the photo reaction of HMT with DNA. [Cimino et. al., 1985] _
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Figure 1.4 Comparison of the uncorrected UV absorption spectra of DNA, HMT,
and a furanside monoadducted DNA 13 mer oligonucleotide (not normalized)



formed between DNA and several different psoralen derivatives have been reported
including the crys;al' structure of the furan-side 8-MOP thymine monoadduct. The
absorption .spectra of these three adducts have been determined and their action spectra for
the photochemistry described above have been determined (Shi and Hearst, 1987a). Figure
1.4 shows a comparison of the spectrum of HMT, a furan-side monoadducted

oligonucleotide and DNA.
Synthesis of Spin-Labeled Psoralens:

In this study we make use of the well-characterized photochemistry of psoralen
with nucleic acids to covalently attach si)in labels at specific sites in nucleic acids. The spin
labels attached in this way to their targets faithfully report the dynamics of nucleic acids.
To synthesize a spin-labeled psoralen derivative with the properties. of a rigid reporter
group, the following points must be considered in the design of these photochemically
attached EPR probes.

The first design consideration is maintaining the photoreactivity of a spin-labeled
psoralen derivative with nucleic acids. Factors that affect the photoreactivity of a psoralen
include steric interactions between the bulky spin-label on the psoralen and nucleic acids
during the noncovalent binding or intercalation step, lowered solubility of the psoralen |
derivative in aqueous solution due to the large nonpolar spin label, and electronic
interaction between the spin label and the psoralen nucleus which may reduce the
photoreaction efficiency. Therefore, the functionality that is placed on the psoralen nucleus
must be carefully chosen so that the photoreactivity of the psoralen is not adversely affected
and at the same time the psoralen retains the ability to form cross-links and monadduct with
oligonucleotides which can be enzymatically ligated to other pieces of DNA and/or RNA

for the purpose of generating site specifically labeled large DNA and/or RNA.



Second, one must address the photochemical stability of the spin Iabel. Since the
spin-label reporter group on the psoralens are covalently attached to nucleic acids through a
photo addition reaction, the spin label on the psoralen derivative must be photochemically
stable under the conditions where psoralen photochernisﬁy takes place. Nitroxides have a
weak absorption at 410 nm. They can undergo photoreduction to the hydroxylamine,

photoaddition insertion reactions, and in the case of 1-Oxyl-2,2,5,5-tetramethyl-3-
| pyrroline, the photb-éxtrusion of nitrous oxide. One of our first experiments was to
irradiate a sample of TEMPONE in water with 300 mW/cm?2 320-380 nm light to determine
its stability. After 5 min of irradiation under these conditions, there was no loss of EPR
signal. |

Third, mobility of the spin label in a nucleic acid helix after photochemical
attachment must be held to a minimum. The steric bulk of the DNA sunouhding the
nitroxide was used to inhibit the independent motion of the reporter group. For the probe
to faithfully report the motion of the nucleic acid to which .it is attached, any independent
motion of the spin label must be minimized. A 2-D1H NMR study of the oligonucleotide
d(GGGTACCC)7 cross-linked at the central 5'-TpA-3’ site with AMT indicated that there
was a 53° bend in the helix axis into the major groove and a 56° unwinding of the helix

(Tomic et al., 1987). Our first approach at modeling the DNA-spin label steric interactions
involved using Dreiding models. A model of the AMT cross-linked oligomer was
constructed using coordinates vobtained from the solution NMR structure and the amino
‘group of the AMT was replaced with the appropriate spin label moiety to give models of
compounds 4, 5, and 6. The 8-methyl group was replaced with the appropriate linker arm

and spin label to model compounds 6, 7, and 8. - Using this method, we felt that placement
of spin labels into the major or minor groove was possible. We then used the program
Chem 3D to computer model these same compounds using these same NMR coordinates.
No minimization of the resulting structures was done. The results obtained from this

analysis were used qualitatively to help convince us that the molecules we intended to

\
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Figure 1.5 Stereo view of the 8 mer d(GGGTACCC) crosslinked at the central 5'-TpA-3' with AMT
that has been substituted at the 4' position with TEMPAMINE. The psoralen is in bold lines.



[

Figure 1.6 Stereo view of the 8 mer d(GGGTACCC) crosslinked at the central 5-TpA-3' with AMT -
that has been substituted at the 8 position with TEMPAMINE. The psoralen is in bold lines.



synthesize stood a chance of working. We determined that substituting the amino group of
the AMT cross-linked into the DNA with a bulky spin-label reporter group would maximize
the steric interactions between the DNA and the nitroxide spin-label. Inspection of the
structures of the T-HMT-T cross-link reveals that the substituents on the 4, 5, 4’, and 5’
positions of the psoralen are in the major groove of a DNA double helix. Substituents on
the 8-position of the psoralen are in the minor groove. Figure 1.5 is a stereo view of the
DNA 8-mer d(GGGTACCC)2 cross-linked at the central 5'-TpA-3’ site with AMT in
which the 4’-amino group has been substituted by TEMPAMINE. It shows that there are
significant steric interactions with the surrounding DNA that would inhibit free rotation of
the spin label reporter group. Figure 1.6 is a stereo view of the same 8-mer where the
- TEMPAMINE has béen attached to the 8-position of the AMT. Free motion of the spin
lébcl moiety appears to be hindered by many steric interactions between the spin label
moiety and the surrounding DNA, most notably with the deoxyribose residues that make
up the walls of the minor groove. It has been predicted that the DNA duplex can be kinked
as much as 70° off the main axis into the major groove when psoralen cross-link is formed
(Kim er al., 1983) and it has been demonstrated that the preferred site of psoralen reactivity
is the 5'-TpA-3’ site in duplex DNA (Gamper et al., 1984); The psoralen molecule is most
easily functionalized at the 4’ and 8 positions. The substituent groups on the psoralen
effect each step of its interaction with nucleic acids.- The position, steric, and electronic |
characteristics of the substituent groups on the psoralen ring system determine the
psoralen's ability to intercalate and photoreact with the DNA. The intercalation complex is
a very important factor in the cross-linking of psoralens to DNA because if a psoralen can
not get to the furan-side monoadduct then it cértainly cannot continue on to form cross-link.
Some of the general trends for how substituent groups on the psoralen affect the
intercalation and subsequent photoreactivity are as follows: Methylation of a psoralen
increases the dark binding affinity, the quantum yield of photoaddiﬁon and the quantum

yield of photobreakdown of the compound. A methoxy group at the 8-position slows both
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the photochemistry with DNA and the photodestruction of the drug. Strong electron
withdrawing or donating substituents such as hydroxy, amino or nitro groups drastically
reduce or eliminate the ability of the psoralen to undergo photocylcoaddition with nucleic
acids. Substitution at the 3-position of the psoralen ﬁucleus with electronically active
substituents is particularly unfavorable for high reactivity with nucleic acids. Relatively
bulky groups which are positively charged and placed at the 4' and S-positions of the
psoralen ring system form compounds which have both high dark binding constants and
high photoreactivity with DNA. This is important in the design of a spin labeled psoralen
because of the bulky nature of the nitroxide group. The presence or absence of a methyl
group at the 4-position of the psoralen has been shown to have a majjor role in controlling
the amount of pyrone-side monoadduct formed with DNA. As mentioned above, pyrone-
side adduct is a photochemical dead end on the path to cross-link. Since our model for
steric constraint of the motion of the nitroxide was based on data for the interstrand cfoss-
link, we wantéd to synthesize molecules that would be good cross-linkers. Psoralens that
contain a 4-methyl group such as TMP, HMT, and 4,5'-dimethyl-8-methoxypsoralen form
less than 2% pyrone-side monoadduct when irradiated at 365 nm. This has been attributed
to steric interference between thé 4-methyl group of the psoralen and the 5-methyl group of
thymidine in the intercalation complex with which the psoralen predominantly reacts. The
reaction is a 2 + 2 photocylcoadditon forming a cyclobutane ring. The structure of the
adducts formed between psoralens and nucleic acids are determined by the intercalation
geometry of the psoralen and the nucleic acid. Psoralens react first primarily at the 4'S'
double bond giving a furan-side monoadduct that still has a coumarin chromaphore.
Molecular orbital calculations indicatei that the psoralen is most reactive in its excited state at
its 3,4 double bond. The minimum-energy geometry of the complex between 8-MOP and
the oligonucleotide d(CGCGATATCGCG)2, has been calculated with the psoralen
derivatiye intercalated in between the central A,T base pairs (Demaret et al., 1989). After

the intercalation of 8-MOP within the oligonucleotide and energy minimization by
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molecular mechanics, the geometry of the intercalation which was found predicts that
photoreaction would result at the 4',5' double bond of the psoralen with the 5,6 double
bond of the thymidine. The 3,4 double bond of the psoralen is too far removed from the
pyrimidine 5,6 double bond to photoreact in this calculated geometry. Psoralens that do
not contain a 4-methyl group such as 8-MOP and psoralen form up to 20% pyrone-side
monoadduct with DNA. The size of the spin label as well as the length and position of
attachment of the linker arm to thé psoralen is important because the further away from the
DNA the nitroxide is in the intercalation complex, the smaller the influence it’s presence
will be felt by the initial photochemical event of rﬁonoaddiﬁon.

With these restrictions in mind, we synthesized two sets of compounds that have
spin label (nitroxides) reporter groups attached to the psoralen via single bonds that act as
electronic insulators of the spin-labei from the psoralen nucleus (Figure 1.7). One set is
AMT (4'-3minomethyl—4,5',8-trimethylpsoralen. 1) derivatives, 3, 4, and 5, and the other
set is 8-MOP (8-hydroxymethylpsoralen, 2) derivatives, 6, 7, and 8. Ideally, the

- nitroxide spin-label would be attached to the psoralen in such a fashion that it was incapable
of any motion independent of the psoralen. Rotation about double bonds where the spin
label group is conjugated to the psoralen m-system would be hindered. This is the
approach that Hopkins and coworkers used in synthesizing a spin-labeled myﬁﬁ&ne analog
that could be incorporated into chemically synthesized DNA oligomers (Spaltenstein et al.,
1989). Unfortunately, functional groups that can conjugate with the psoralen nucleus
dramatically decrease the photoreactivity of the compound. In most cases the reactivity
toward nucleic acids is eliminated. To avoid free rotation of the spin label about these
single bonds, we chose short linker arms to let the stexic bulk of the DNA restrict
independent motion (see above).

Thé synthesis and chemistry of nitroxide spin labels has been comprehensively
reviewed by Keana (Keana, 1978) and Gaffney (Gaffney, 1976). The syntheses of the six

spin-labeled psoralen derivatives is shown in figures 1.8 and 1.9. Mesylpyrrolinyl
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Figure 1.7 The six psoralen derivatives synthesized in
this study and their parent compounds
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Figure 1.8 Synthetic pathway to the three spin-labeled AMT derivatives
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Figure 1.9 Synthetic pathway to the three spin-labeled 8-MOP derivatives
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nitroxide 11 was prepared from carboxylic acid 9 by reduction (Rauckman and Rosen,
1976a) and mesylation in 50% overall yield. The displacement reaétion of mesyl nitroxide
by AMT in DMF (N, N-dimethylformamide) at 70°C for 3 h provided spin-labeled AMT
derivative 3 in the 55% yield. Similar derivative 4 was prepared from TEMPAMINE 12
and 4'-chloromethyl-4,5',S;trimethylpsoralen (CMT, 13) in 80% yield. Epoxide 14
(Rauckman ez al., 1976b)was ring opened by AMT in the presence of phenol slowly at
70°C, giving hydroxyamino psoraien in the 50% yield. 8-Hydroxypsoralen 15 was
prepared from 8-MOP by demethylation with BBr3 (57%, (Issacs er al., 1982)). The
displacement reaction of mesylpyrrolinyl nitroxide 11 by the phenoxide of 15 in DMF at
70°C for 3 h gave spin-labeled 8-MOP derivative 6 in good yield. Amido-8-MOP
compound 7 was prepared in a similar manner as 6 from 8-hydroxypsoralen and TEMPO
chloroacetamide in high yield (98%). Spin-labeled 2-aminoethoxypsoralen 8 was
synthesized by displacement reaction from corresponding mesylate 18 and TEMPAMINE
12. Treatment of a mixture of 8-hydroxypsoralen and ethylene carbonate with base

provided the precursor alcohol 17 of mesylate 18. |
Photoreactivity of Spin-Labeled Psoralens with Double-Stranded DNA

The photoreactivity of the spin-labeled psoralens 3-8 were tested by reacting them
with the double-stranded DNA formed by the self-complementary oligonucleotide 5'-
'GGGTACCC-3' (8-mer). This oligonucleotide contains a central-S'-TpA site that is
especially reactive toward psoralen photo-cross-linking (Gamper et al., 1984). An
ethanolic solution of the spin-labeled psoralen was added to a solution of 5'(32P)—1abelcd
8-mer, cooled to 0°C, and irradiated with 300 mW/cm?2 broadband 320-380 nm light
(Cimino ez al., 1986). Under these irradiation conditions, there was no degradation of the

ESR signal (data not shown). The resulting mixture of products was loaded onto a 20%

polyacrylamide gel and electrophoresed. Under these conditions, cross-linked §-mer
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migrates much slower than the unmodified DNA. Quantitative measurement of the extent
of reaction can be obtained by excising the gel bands and measuring the 32p counts of

- each. Table 1.1 shows the results for the cross-link formation between the double-stranded
8-mer and the six spin-labeled psoralen derivatives as well as 8-MOP, AMT, and HMT (4'-
hydroxymethyl-4,5',8-trimethylpsoralen). All six of the new psoralen derivatives except 8
have lower photoreactivity than 8-MOP, AMT, and HMT. At least two factors are
responsible for this lower photoreé.ctivity, lowered solubility in aqueous solution and
unfavorable steric interactions between the intercalated psoralen and the DNA. Another
possible cause of the lowered photoreactivity is quenching of the excited psoralen by the
nitroxide. The cross-linking efficiency depends on the initial intercalative noncovalent
binding of a psoralen to the DNA, and is sensitive to the solubility of the psoralen, the size
of the substituents, and the substitution pattern on the psoralen. An attempt was made to
- use 389 nm light to form only the furan-side monoadducted oligonucleotide with psoralen
3. With HMT, and AMT furan-side monoadduct is formed preferentially to cross-link
under these conditions. This is due to the relative extinction coefficients of the psoralen
and furan-side monadduct (figure 1.4). The wavelength dependency of this
photochemistry is discussed in more detail in chapter 2. Only cross-linked molecules
resulted from the reaction between the DNA and spin-iabeled psoralen 3. This can be
rationalized if the quantum yield for the initial reaction to form furan-side monoadduct is
much lower than the quantum yield for subsequent cross-link formation. The bulk of the
-spin-label group attached to the 4'-position of the psoralen seems to interfere with the’
intercalation geometry, slowing the rate of monoaddition. The aliphatic amino substituents
greatly increase the solubility because they are charged in aqueous solution at neutral pH.
This positive charge also stabilizes the binding of the psoralen.by electrostatic interaction
with the negatively charged phosphates of the DNA backboné. Of psoralens 3, 4, and §,

the longer the linker is, the better the photoreactivity, in the order 4, 3, S, with § having an
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Table 1.1 Amount of cross-link formation between the double-stranded 8-mer

5’-GGGTACCC-3’ and the six spin-labeled psoralen derivatives and controls

Psoralen % cross-link
3 13
4 9
5 23
6 9
7 31
8 44
HMT . 53
AMT | 43
8-MOP 38

Each reaction was performed by irradiating a 50 pl volume containing 10 pg/ml of the
appropriate psoralen, 10 ng of 5°-32P labeled 5’-GGGTACCC-3’, 150 mM NaCl, 10 mM
MgClp, 10 mM Tris-HCI pH 7.5 for 10 min with 300 mW/cm? 320-380 nm light. The
DNA was isolated by ethanol precipitation and the crosslinked species were separated by -
electrophoresis on a 20% denaturing PAGE. The the unmodified D‘NA and the bands that
contained the cross-links were located by autoradiography, excised and counted with fluor

ina scinn'llationv counter.
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Figure 1.10: Compound 3 in solution gave a symmetric ESR spectrum characteristic of
fast motion (A), the cross-link formed between the 8-mer 5°-GGGTACCC-3’ and
compound 3 gave a ESR spectrum indicative of restricted slow motion of the spin bound in
the double-stranded DNA helix. The interpretation of the EPR spectrum obtained from the

cross-link 8 mer is discussed in the text.
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extra hydroxyl group to further increase solubility. A similar pattern is seen in compounds
6, 7, and 8. We have also found out that psoralens with substituents at the 8-position are
more reactive than those with substituents at the 4'-position. For this reason, compound 6
has the same react‘ivity as compound 4, even though it is unchargcd and extremely
insoluble in water

We chose to continue our investigations with compound 3. As mentioned above,
the DNA may be locally kinked at the site of photoaddition (Kim et al., 1983), thus
bending the helix into the major groove and opening the minor groove around the psoralen.
. The spin label in compour;d 3 is attached to the 4'-position of the psoralen, thus placing it
into the major groove. We chose to proceed with psoralen 3 because experience with the
photochemistry of psoralens indicates that AMT derivatives form less pyrone-side adduct
than do 8-MOP derivatives. Because we needed to make a preparative amount of cross-
linked DNA oligomer, we wanted to have as high a level of photoréactivity and photocros\s-
linking as possible. Although psoralen 8 gave the highest photoreactivity of t_hc new
psoralens, its longer linker arm between the psoralen nucleus and the spin label fcporter
group give the nitroxide more degrees of freedom than the free radical in psoralen 3. With
these predicted steric constraints, the spin label in the psoralen would be expected to have
restricted motion, thus giving an ESR spectrum different from that of the free spin. Figure
1.10 shows this is the case. While the free spin in compound 3 in solution gave a
symmetric ESR spectrum characteristic of fast motion, the cross-link formed between the
8-mer and compound 3 gave a ESR spectrum indicative of restricted slow motion of the
spin boﬁnd in a double-stranded DNA helix. The interpretation of the EPR spectrum

obtained from the cross-link 8 rher is discussed in more detail below.
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Experimental Section

Materials and Methods. Pyridine and Tetrahydrofuran (THF) were distilled from
sodium benzophenone ketyl. N,N-Dimethylformamide (DMF) was distilled from
phosphorus pentoxide. Column chromatography was done by Flash chromatography with
40-63 um silica gel 60 (EM Reagents (17)), High-performance liquid chromatography
(HPLC) was performed using a 10 mm x 25 cm 5 pm Ultrasphere ODS preparative
column (Altex). HMT, AMT, and CMT were gifts from HRI Associates Inc. (Concord,
" CA). Nitroxide spin label staﬁing materiels were purchased from Molecular Probes Inc.
(Pdrtlénd, OR) The oligonucleotides were synthesized on an automated DNA synthesizer
using the phosphoramadite method. After synthesis, the oligonucleotide was deprotected
in concentrated ammonia solution at 55°C for 5-16 h and purified by electrophoresis on a
20% polyacrylamide-7 M urea gel followed by EtOH precipitation. The purification gel (40
. cm x 40 cm x 0.12 cm) had a composition of 19:1 acrylamide/bis(acrylamide) and was run
at 45 W with an aluminum plate clamped on the gel plate. [y-32P]JATP was purchased from
Amersham. T4 polynucleotide kiﬁase and T4 ligase were bought from Bethesda Research
Laboratories. All other chemicals were purchased from Aldrich corp. or Sigma corp.

1H NMR spectra were obtained with the UCB 250-MHz an.d UCB 200-MHz
spectrometers and are reported in part per million downfield from internal tetramethylsilane
reference. Elemental analyses were performed by the Analytical Laboratory, College of
Chemistry, University of California, Berkeley, CA. Mass spectrometry was performed by
the Mass Spectrometry facility, College of Chemistry, University of California, Berkeley,
CA.
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Chemical Synthesis

1-Oxyl-3-hvdroxymethyl-2.2.5 5-tetramethyl-3-pyrroline 10. Carboxylic Acid 9 (921
mg, 5 mmol) was dissolved in 25 mL of flash distilled THF. Lithiumn aluminum hydride

(230 mg, 6 mmol) was added slowly. After being stirred for 20 min at room. temperature,
the reaction mixture was carefully quenched with 10% aqueous NH4Cl solution. Sodium
chloride and CHCL3 (30 ml) were added and the mixture was filtered. The chloroform
'solution was dried (Na2S04) and evaporated to dryness giving 500 mg (59%) of yellow
crystalline 10 (This crude crystal was used for the following mesylation reaction without
further purification): IH NMR of 1-hydroxy-3-hydroxymethyl-2,2,5,5-tetramethyl-3-
pyrroline (200 MHz, CDCL3) & 1.36 (s, 6, 2CH3), 1.39 (s, 6, 2CH3), 3.4-4.0 (bs, 1,
OH), 4.20 (s, 2, CH2), 5.62 (s, 1, CH); mass spectrum (70eV), m/z (relative intensity)
170 (M*, 42), 155 (10), 140 (34), 125 (20), 122 (14), 107 (100). Anal. Calcd for
CoH16NO2: C, 63.50; H, 9.47; N, 8.23. Found: C, 63.33; H, 9.50; N, 8.07.

1-Oxy-3-methanesulfonyloxymethyl-2.2 5 5-tetramethyl-3-pyrroline 11. The alcohol 10
(494 mg, 2.9 mmol) was dissolved in dichloromethane (8.5 ml) and triethylamine (411

mg, 4.1 mmol) was added. The solution was cooled to -5°C. Methanesulfonyl chloride
(332 mg, 2.9 mmol) was added dropwise. VAfter being stirred for 30 min, the reaction
mixture was quenched with the aid of more dichloromethane and with ice. The organic -
layer was washed with cold water and 5% aqueous sodium bicarbonate and dried
(Na2S04). Removal of solvent in vacuo and flash chromatography gave 567 mg (79%) of
yellow solid of mesylate 11; 1H NMR of 1-hydroxy-3-methanesulfonyloxy-methyl-
2,2,5,5-tetramethyl-pyrroline (200 MHz, CDCL3) & 1.35 (s, 6, 2CH3), 1.38 (s, 6,
2CH3), 3.05 (s, 3, SCH3), 4.73 (s, 1, CH); UV (EtOH) start absorb from 260nm; mass
spectrum (70 eV), m/z (relative intensity) 248 M, 36), 233 (12), 218 (3), 153 (5), 138
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(9), 122 (18), 107 (100). Anal. Calcd for C10H18NO4S: C, 48.37; H, 7.31; N, 5.64; S,

12.91. Found: C, 48.63; H, 7.42; N, 5.65; S, 12.54.

;rimgthylpgofalgn 3. Mesylate 11 (330 mg, 1.13 mmol) and 4'-aminomethly-4,5'8-
trimethylpsoralen (AMT) (490 mg, 1.28 mmol) were placed in two-neck flask with a reflux
condenser under a nitrogen stream. After adding DMF (3 ml) and triethylamine (279 pl,
1.7 mmol) the solution was kept at 60°C for 5h with stirring. Then the DMF was
evaporated in vacuo and the residue was partitioned between 5% aqueous sodium
bicarbonaté and dichloromethane. The organic layer was dried (Na2S04) and evaporated
in.vacuo, giving the crude product. Flash chromatography (silica gel, 4% EtOH/CH2Cj2)
and crystallization with EtOH yielded orange crystals of 3 (254 mg, 55%); 1H NMR of 4'-
[N-(1-hydroxy-2,2,5,5-tetramethyl-3-pyrrolinyl)methlamino]methyl-4,5',8-

trimethylpsoralen 250 MHz, CDCL3) § 1.31 (s, 12, 4CH3), 2.49 (s, 3, CH3), 2.51 (s, 3,
CH3), 2.58 (s, 3, CH3), 3.31 (s, 2, pyrroline ring-CH2N), 3.94 (s, 2, NCH2-psoralen), -
5.58 (s, 1, C3-H), 7.73 (s, 1, C5-H); UV (EtOH) A max 340, 290, 250 nm; mass
| spectrum (70eV), m/z (relative intensity) 409 (M, 33), 395 (5), 379 (11), 256 (6), 240
(100), 212 (10), 138 (10). Anal. Calcd for Co4H29N204: C, 70.39; H, 7.14; N, 6.84.

Found: C, 70.18; H, 7.13; N, 6.73.

To anhydrous N,N;dimethylformarnide (DMF, 3 ml) was added 4'-chloromethly-4,5'8- |
trimethylpsoralen (CMT) (55.3 mg, 0.2 mmol), TEMPAMINE (34 mg, 0.2 mmol), and
triethylamine (20.2 mg; 0.4 mmol) with stirring. The solution was heated at 70°C for 16
hr and turned dark brovs;n. The solvent was evaporated. The residue was dissolved in 15

ml CHCI3 and extracted once against 10 ml 5% HCl. The organic layer was discarded.
8M NaOH was added to the aqueous layer to pH 14 and extracted 3 x 10ml CHCI3. The
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combined organic extracts were dried over Na2SO4 and evaporated. The residue was
applied to a 20 cm x 20 cm x 2 mm silica gel TLC plate and developed with 5%
MeOH/CHCI3. The major UV absorbing band was scraped off and eluted with 3 X 20 ml
10% EtOH/CHCI3. The organics were evaporated to give 70 mg orange solid (85% yield).
1H NMR of 4'-[N-(1-hydroxyo2,2,6,6-tetr£methy1-4-piper1diny1)amino]me~thyl-4,5',8-
trimethylpsoralen (250MHz, CDCl3), 6 1;13 (s, 8, 2CH3), 1.23 (s, 8, 2CH3), 2.49 (s, 3,
CH3), 2.51 (s, '3, CH3), 2.53 (s, 3, CH3), 1.91 (m, 4, piperdine CHj), 3.87 (s, 2,
NCHz-psoralén), 6.26 (s, 1, C3-H), 7.69 (s, 1, C5-H); UV (EtOH) Amax 340, 296, 250
nm; mass spectrum (70eV), m/z (relative intensityj 412 (Mf", 6), 411 (8), 379 (9), 338
(10), 282 (12), 256 (12), 241 (100), 212 (21), 155 (38), 141 (28), 124 (41), 98 (93), 58
(84). Anal. Calcd for C24H31N204: C, 70.05; H, 7.59; N, 6.80. Found: C, 70.04; H,

7.58; N, 6.62.

trimethylpsoralen S. §,5,7,7-Tetramethyl-6-oxyl-1-oxa-6-azaspiro{2,5]-octane (14) was
prepared from TEMPONE and trimethylsulfonium iodide with sodium hydride (Rauckman
.et al., 1976b). AMT (1, 613 mg, 2.38 mmol) and epoxide (14, 354 mg, 1.92 mmol) were
dissolved in ethanol (25 ml) and 10 mg phenol was added as catalyst. The solution was
heated at 70°C for 4 days. After removal of ethanol, the residue was participated with
dichloromethane and water. The organic layer was washed with 5% aqueous solution of
sodium bicarbonate, dried (Na2S04), and evaporated to give a orange red solid (837 mg).
Flash chromatography on silica gel (5% EtOH/CH2CL2) provided § (420 mg, 50%):
(recrystallized in EtOH/hexane); 1H NMR of 4‘-[N-(1-hydroxy-4-hydroxy-2,2,6,6-
tetramethyl-4-piperidinyl)methylamino]methyl-4,5',8-trimethylpsoralen (250MHz,
CDCL3) & 1.38 (s, 6, 2CH3) 1.50 (s, 6, 2CH3), 2.49 (s, 3, 2CH3), 2.51 (s, 3, 2CH3),
. 2.56 (s, 3, 2CH3), 2.60 (s, 2, piperidine ring-CH2N), 3.97 (s, 2, NCH2-psoralen), 6.24
(s, 1, C3-H), 7.67 (s, 1, C5-H); UV (EtOH) Amax 340, 297, 250 nm; mass spectrum
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(70eV), m/z (relative intensity)441 (M, 3), 423 (2), 408 (6), 393 (23), 391 (23), 269
(17), 256 (19), 241 (60), 212 (42), 168 (37), 156 (32), 151 (29), 128 (61), 98 (65), 83
(68). Anal. Caled for C25H33N205: C, 68.01; H, 7.53; N, 6.34. Found: C, 67.97; H,

7.64; N, 6.32.

8-(1-Oxyl-2.2.5.5-tetramethyl-3-pyrrolinyl)methoxvpsoralen_6. To anhydrous N,N-
dimethylformamide (DMF, 3 ml) was added 8-hydroxypsoralen 15, (55 mg, 0.27 mmol),

mesylate 11 (79 mg, 0.27 mmol), and potassium carbonate (68 mg, 0.49 mmol) with
stirring. The solution was heated at 70°C for 3 hr. The solvent was evaporated. The
residue was dissolved in dichloromethane and paésed through short silica/Na2SO4 column.
~ The solvent was evaporated, providing a yellow solid 6 (46 mg, 48%) (recrystallized from
ethanol); 1H NMR of 8-(1-hydroxy-2,2,5,5-tetramethyl-3-pyrrolinyl)methoxypsoralen
(250 MHz, CDCI3) 6 1.23 (s, 6, 2CH3), 1.44 (s, 6, 2CH3), 5.02 (s, 2, OCHp-psoralen),
5.83 (s, 1, pyrroline-H), 6.40 (d, 1, I =9.6 Hz, C3-H), 6.83 (peaks of C4'-H were
overlapped with the peaks of phenylhydrazine), 7.47 (s, 1, C5-H), 7.75(d, 1, ] =9.7
Hz, C4-H), 7.80 (s, 1, C5'-H) UV (EtOH) Amax 297, 262 (sh), 248 nm;

anhydrous N,N-dimethylformamide (DMF, 1 ml) and benzene (1 ml) was added 8-

hydroxypsoralen (15, 55 mg, 0.27 mmol), TEMPO chloracetamide (16, 0.295 mmol),
and potassium carbonate (68 mg, 0.49 mmol) with stirring. The solution was heated at
70°C for 1' h énd turned dark brown. The solvent was evaporated. The residue was
dissolved in dichloromethane and bassed through shbrt silica/Na2SO4 column, providing a
yellow orange solid 7 (110 mg, 98%): (recrystallized from ethanol); 1H NMR of 8-[2-(1-
hydroxy-2,2,6,6-tetramcthyl-4-pipcridiny1)amino-2—oxo]ethoxypsoralen (250 MHz,
CDCl13) & 1.47 (s, 6, 2CH3), 1.62 (s, , 2CH3), 2.04-2.32 (m, 4, 2CH2), 4.41-4.49 (m,
1, CH), 4.87 (s, 2, CH2), 6.40 (d, 1, J =9.6 Hz, C3-H), 6.85 (peaks of C4'-H were
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overlapped with the peaks of phenylhydrazine), 7.46 (s, 1, C5-H), 7.80 (d, 1, ] =9.7
Hz, C4-H), 7.88 (s, 1, C5-H). UV (EtOH) Amax 297, 262 (sh), 248 nm; mass spectrum
(70eV), m/z (relaﬁve intensity) 413 (M*, 20); 399 (26), 384 (20), 327 (31), 260 (70), 215
(62), 202 (59), 154 (72), 140 (70), 126 (100), 109 (78), 84 (95). Anal. Calcd for
C22H25N206: C, 63.91; H, 6.09; N, 6.78: Found: C, 63.77; H, 6.11; N, 6.67.

8-(2-Hydroxy)ethoxypsoralen 17. A mixture of hydroxypsoralen 15 (600 mg, 2.97
mmol), ethylene carbonate (436 mg, 4.95 mmol), and K2CO3 (820 mg, 5.93 mmol in

DMF (40 ml) was heated at 130°C under N2. After 6 h, DMF was evaporated in vacuo and
residue was partitioned between 30 ml of water and dichloromethane (3 x 30 ml). The
combined organic layer was washed with 1 N sodium hydroxide solution, dried -
(Na2S04), and evaporated in vacuo. Flash chromatography (silica gel, 5%
EtOH/CH2Cl2) gave 485 mg (66.4%) of colorless crystallihe 17: 1H NMR (200 MHz,
CDCl3) 8 2.04.(bs, 1 OH), 3.97 (t, 2, I = 4.5 Hz, CH20H), 4.59 (t, 2, ] = 4.5 Hz,
OCH2CH20H), 6.39 (d,1,1=9,6Hz, C3-H), 6.84 (d, 1, I = 2.2 Hz, C4-H), 7.41 (s,
1,C5-H) 7.70 (d, 1, I = 2.2 Hz, C5'-H), 7.78 (d, 1, I = 9.6 Hz, C4-H); mass spectrum
(70 eV), m/z (relative intensity) 246 (M, 36), 202 (100), 174 (55), 89 (27): exact mass
(HR-EIMS) calcd fof C14H1005 246.0528, found 246.0521.

8-(20Methanesulfonyloxy)ethoxypsoralen 18. The mesylation was performed in a manner

similar to the method of compound 11. The alcohol 17 (27 mg, 0.11 mmol),
triethylémine (24.3 mg, 0.24 mmol), méthancsulfonyl chloride (18.3 mg, 0.16 mmol) and
dichloromethane (2 ml) were used. The organic layer was passed through neutral alumina
(1/2 inch) and sodium sulfate (1/2 inch) and removal of solvent gave 35 mg (98%) of
colorless crystals of mesylate 18; (recrystallized in CH3CN, almost recovered); 1H NMR
(200 MHz, CDCI3) sigma 3.25 (s, 3, CH3), 4.66 (t,2,J =2.6 Hz, CH2),4.75 (1,2, ] =
2.6 Hz, CHp), 6.39 (d, 1, 1 =9.7 Hz, C3-H), 6.85 (d, 1, J = 2.2 Hz, C4'-H), 7.42 (s, 1,
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C5-H), 7.70 (d,1, ] = 2.2 Hz, C5'-H), 7.78 (d, 1, ] =9.6 Hz, C4-H); mass spectrum (70
eV), m/z (relative intensity) 324 (M, 14), 202 (13), 201 (14), 173 (15), 123 (100), 107
(15), 89 (19), 79 (35), 73 (31). Anal. Caled for C14H1207S: C, 51.84; H, 3.73; S,
9.89. Found: C, 51.88; H, 3.66; S, 9.76.

8-12-(1-Oxy-2.2.6.6-tetramethyl-4-piperidinvlaminolethoxypsoralen 8. A solution of
mesylate 18 (160 mg, 0.49 mmol), TEMPAMINE (101 mg, 0.52 mmol), and
triethylamine (75 mg, 0.74 mmol) in DMF (5 ml) was stirred at 90°C for 40 h. The solvent
was evaporated in vacuo and the residue was extracted by dichloromethane and water. The
organic layer was washed with 5% aqueous sodium bicarbonate, dried (Na2SO4), and
evaporated to provide crude mixture of 8. preparative TLC (20 x 20 cm, 2-mm, 5%
EtOH/CH2Cl2, developed twice) gave 8 (118 mg, 60%) as a reddish crystal: (recrystallized
in CH3CN); 1H NMR of 8-[2-(1-hydroxy-2,2,6,6-tetram&fhyl-4-piperidinyl)amino]-
ethoxypsoralen (250 MHz, CDCl3) & 1.23 (s, 2CH3), 1.32 (s, 2CH3), 1.80 (m, 4,
piperidine ring-CH2), 3.34-3.37 (bs, 2, CH2N), 4.78-4.85 (bs, 4, OCH2), 6.38 (d, 1’, J
= 9.7 Hz, C3-H), 6.85 (peaks of C4'-H were overlapped with the peaks of
- phenylhydrazine), 7.43 (s, 1, C5-H), 7.71 (m, 1, ] = 2.3 Hz, C5'-H), 7.79 (d, 1, I = 9.7
Hz, C4-H); UV (EtOH) Amax 298, 262 (sh), 248 nm; mass spectrum (70 eV), m/z
(relative intensity) 400 (M*+1, 12), 399 (M, 4), 385 (5), 384 (2), 396 (6), 326 (66), 312
(53), 298 (75), 202 (48), 183 (33), 169 (73), 112 (59), 98 (90), 96 (82), 84 (100). Anal.
Calcd for C22H27N205: C, 66.15; H, 6.81; N, 7.01. Found: C, 66.23; H, 6.79; N,
7.02.

5’-End Labeling of DNA Oligonucleotides. The oligonucleotides were 5’-end
labeled with [y-32PJATP and T4 polynucleotide kinase according to standard procedures
(Maniatis er al., 1982). The amount of enzyme in each aliquot used in the following
experiments was approximately equal to the amount required to completely phosphorylate

the 5’-end of the oligonucleotide, which was estimated on the basis of the amount of DNA
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present, the incubation time (usually 2-5 h), and the assumption that 1 unit of enzyme will
kinase 1 nmol of oiigonucleotide in 0.5 h at 37°C. A 1X linker kinase buffer (70 mM Tris-
HC], 10 mM MgClp, 5 mM dithiothreitol, pH 7.6) containing the oligonucleotide to be
labeled, [7-32P]ATP, and an aliquot of kinase was incubated at 37°C for a few hours. The
reaction was then chased to completion by adding cold ATP to a final concentration of
ImM, another aliquot of enzyme, 10X linker kinase buffer to maintain a 1X buffer
concentration and incubating at 37°C. ;I‘o ensure complete kinasing, a third aliquot of
kinase was added, and the soiution was incubated again at 37°C. The mixture either was
“used directly or was EtOH-precipitated (10mM MgCiz, 0.2 N NaCl, 2.5 v/v EtOH). After
EtOH precipitation, the DNA was then dissolved in water or the appropriate buffer and
stored at -20°C.
Preparation of Psoralen 3 Cross-Linked Double-Stranded 5’-GGGTACCC-3’.
The cross-link was prepared following the procedures of Cimino et al. (Cimino etal.,
1986). A total of 400 ug of 5’-GGGTACCC-3’ was dissolved iﬁ 700 ml of irradiation
buffer (50 mM Tris-HCI, 0.1 mM EDTA, 150 mM NaCl, 10 mM MgCl2, pH 7.6) after
kinasing and EtOH precipitation. 15 pl of concentrated Psoralen 3/DMSO solution was
added to the reaction mixture (final psoralen 3 concentration was 1.5 x 10-4 M). The
mixture was irradiated in a 4 ml 1 cm .pathlength quartz cuvette for 10 min at 4°C with
broad-band light from a 2.5-kW Hg/Xe lamp, which was filtered through Pyrex glass and
an aqueous cobaltous nitrate solution [1.7% Cd(NO3)2, 2% NaCl, 9-cm path length] (320-
380 nm, 300 mW/cm2; (Cimino et al., 1986)). The irradiated DNA was EtOH-precipitated
and electrophoresed on a 20% polyacrylamide-7 M urea gel (40 cm x 40 cm x 0.05 cm, 35
W for 3-4 h). The cross-link and the unmodified DNA bands weré located by
autoradiography, excised, and eluted from the gel with a solution of 50 mM NaCl-1 mM
EDTA. The unmodified DNA and cross-link were finally EtOH precipitated, washed, and
dissolved each in 200 pl of H2O. The unmodified DNA was stored at -20°C and the cross-

link at 4°C.
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Synthesis of modified oligonucleotides using the Argon laser: Irradiations were
carried out a SpectraPhysics 2045 Argon laser operating in broad band mode centered at
366 nm at a power of 5.0 W. The 5’-OH oligonucleotides were dissolved in 35 ml of 150
mM NaCl, 10 mM MgCly,1 mM EDTA, 15 mM azide, 3.5X10-5 M of the desired spin
labeled psoralen. This solution was flowed through a lcm path length quartz flow cell
cuvette at a rate of 1.5 ml/min. The cuvette was placéd in the laser beam and irradiated for
40 min. After the irradiation was complete, the solution was brought to 200 mM NaCl
with 6.1 M NaCl, and 3 volumes of absolute EtOH were added. Solution was cooled
overnight at -20°C and the precipitate collected by centrifugation at 25,000 x g for 2 hours.
The supernatant was removed and the pellet washed with 95% EtOH and dried in vacuo.
The precipitated DNA was loaded a 15% 8 M urea denaturing polyacrylamide gel (40 cm x
40 cm x 0.05 cm) and electrophoresed at 45 W for 3 hours. The cross-link and the
- unmodified DNA bands were located by autoradiography, excised, and electroeluted from
the gel. The unmodified DNA and cross-link were finally EtOH precipitated, washed, and
dissolved each in 600 pl of TE

Ligation of the cross-linked 21 mers and 24 mers. The gel purified cross-linked 21
mer or 24 mer oligonucleotides were kinased as above. The DNA strands were phenol
extracted, once with phenol, once with phenol:chloroform, and once with chloroform,
precipitated twice, resuspended in 0.5x TE, and the ligase reaction components were
added. The final 600 yl reaction contained 66 mM TrisHC], pH 7.6, 6.6 mM MgCl,, 10
mM DTT, 50 pg/ml BSA, 1 mM ATP, and 4000 U T4 DNA ligase. The reaction was
incubated for 16 hrs at 16 °C. The reaction mixture was then adjusted to 200 mM NaCl
and precipitated with ethanol. The precipitate was collected by centrifugation, washed,
dried, and loaded onto an 8% polyacrylamide denaturing gel, and electrophoresed at 50 W.
The multimerized DNA bands weré located by autoradiography, excised, and electroeluted
from the gel. The individual multimerized cross-linked molecules were finally EtOH

precipitated, washed, and dissolved each in 10 ul of TE.
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Klenow reaction to fill in the 5’ overhanging ends of the multimerized 21 mers.
The individual multimers isolated from the ligatiofx reaction of the 21 mer XL were
dissolved in 20 ul Klenow reaction buffer (40 mM potassium phosphate pH 7.5, 6.6 mM
MgClp, 1 mM DTT, 0.25 mM each dCTP, dGTP, dTTP and 40 pCi 600 Ci/mmol o32P
dATP). The reaction was initiated by adding 10 units of the Klenow fragment of DNA
polymerase. After 4 hr the reaction was diluted with 20 pl 10 M urea, heat/cooled, and
loaded onto a 12% 8 M urea denaturing PAGE. The filled in multimerized DNA bands
were located by autoradiography, excised, and electroeluted from the gel. The individual
multimerized cross-linked molecules were finally EtOH precipitated, washed, and

dissolved each in 10 ul of TE.
Photochemical characterization of the psoralens

Figure 1.11 is an autoradiogram of cross-link reactions between the self-
complementary DNA oligomer 5°-GGGTACCC-3’ and the six spin labels 3-8 (structures
in figure 1.7). Lanes 1-12 are cross-linking reactions with the psoralens 3-8 in pairs. The
first lane in each pair is one addition of the psoralen followed'by irradiation for 5 minutes
with light transmitted through a Co(NO3)2 band pass filter (300 mW by uranium oxalate
actinometry), and the second lane in each pair is a second addition of the psoralen followed
by irradiation for an additional 5 minutes. Lanes 13-16 are control reactions. vLaxile 13 is
the reaction of the oligomer with one addition of HMT; lane 14 is reaction with one addition
of AMT; lane 15 is reaction with one addition of 8-MOP; and lane 16 is the DNA irradiated
without any psoralen. Reaction with psoralen 3 yields three products that have mobility
indicating a cross-link reaction has occurred. There are also 4 bands that indicate formation
of monoadducts. Reaction with psoralen 4 (lanes 3 and 4) yield two products that have
mobility indicating a cross-link reaction has occurred. There are two bands that indicate

formation of monoadducts. Reaction with psoralen 5 (lanes 5 and 6) yield two main
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Figure 1.11: Shown is an autoradiogram of cross-link reactions between the self-
complementary DNA oligomer 5’-GGGTACCC-3’ and the six spin labels 3-8 (structures
in figure 1.7). Lanes 1-12 are cross-linking reactions with the psoralens 3-8 in pairs. The
first lane in each pair is one addition of the psoralen followed by irradiation for 5 minutes
with light transmitted through a Co(NO3)2 band pass filter (300 mW by uranium oxalate
actinometry), and the second lane in each pair is a second addition of the psoralen followed
by irradiation for an additional 5 minutes. Lanes 13-16 are control reactions. See the text

for a more detailed interpertation of these data.
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products that have mobility indicating a cross-link reaction has occurred. There are four
bands that indicate formation of monoadducts. Reaction with psoralen 6 (lanes 7 and 8)
yield two products that have mobility indicating a cross-link reaction has occurred. There
are two bands that indicate formation of monoadducts. Reaction with psoralen 7 (lanes 9
and 10) yield two products that have mobility indicating a cross-link reaction has occurred.
There are four bands that indicate formation of monoadducts. Reaction with psoralen 8
(lanes 11 and 12) yield two products that have mobility indicating a cross-link reaction has
occurred. There are two bands that indicate formation of monoadducts. Reaction with
HMT (lane 13) yielded two main cross-link species and two monoadducts. Reaction with
AMT (lane 14) yielded one cross-linked species and two monoadducted oligos. Reaction
with 8-MOP (lane 15) yielded two main cross-linked species and two monoadducted
oligos. The control DNA in lane 16 was unaffected by the irradiation.

To further characterize the reaction of these novel psoralens, the major bands that
corresponded to cross-links were excised and eluted from the gel and subject to conditions
that photoreverse psoralen cross-links to monoadducts and unmodified DNA. The
monoadducts that were formed during the forward cross-linking reaction were not further
characterized. The eluted cross-links were divided into two portions; one that was reserved
in the dark, and the other was photoreversed. To photoreverse the cross-links, they were
irradiated under a germicidal lamp with its maximum emission at 254 nm for 2.5 minutes at
a distance of 10 cm from the lamp to the surface of the solution. Following photoreversal,
the products of the reaction were isolated and loaded onto a gel to compare the products
with the unphotoreversed parent material.

Figure 1.12 is an autoradiogram of the photoreversal of the major bands that
corresponded to cross-links for psoralens 3-5. These are AMT derivatives. The lanes of
the gel are photoreversal reactions of the major bands that formed in the reactions with the
psoralens in pairs. The first lane in each pair is cross-linked oligomer photoproduct

photoreversed with 254 nm light and the second lane in each pair is the parent material.
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Figure 1.12: Shown is an autoradiogram of the pho.toreversal of the major bands that
corresponded to cross-links for psoralens 3-5 shown in figure 1.11. These are AMT
derivatives. The lanes of the gel are photoreversal reactions of the major bands that formed
in the reactions with the psoralens in pairs. The first lane in each pair is cross-linked
oligomer photoproduct photoreversed with 254 nm light and the second lane in each pair is
the parent material. Lanes 15 and 16 are the reaction of the AMT cross-link control. See

the text for a more detailed interpertation of these data.
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Lanes 15 and 16 are the reaction of the AMT cross-link. Reversal of this cross-link gives
two monoadducts and the unmodified DNA. Lanes 17-20 are photoreversal reactions of
the two HMT cross-links. Lane 17 is photoreversal of the upper HMT cross-link. It gives
two monoadducts; the unmodified DNA and a band with a mobility that corresponds to the
lower cross-link (lane 20). This can be rationalized as a cross-link plus a monoadduct
making up the modification on the upper band. Lane 19 is the photoreversal of the lower
HMT cross-link. It gives two monoadducts and the unmodified DNA. These three
photoreversal reactions constitute the control reactions. Lane 1 is the photoreversal of the
upper most of the three cross-link bands formed by photoreaction with psoralen 3. After
elution from the initial cross-linking gel, it has the same mobility as the lower of the three
cross-link bands (compare lanes 2 and 6). It gives two bands that correspond to
monoadducts and the unmodified DNA. Lane 5 is the lower most of the three cross-link
bands formed with psoralen 3 and it produces the same pattern as the uppermost band
(compare lanes 1 and 5). This indicates that the uppermost and lower band in the cross-
linking gel are the same material. One explanation for the different mobilities in the initial
gel is that the two cross-linked species adopted different conformations during
electrophoresis. The most likely alternate conformation is that of the ring open form of the
pyrone-side of the cross-link. Lane 3 is the photoreversal reaction of the middle band
formed by photoreaction with psoralen 3. It isnot a homogeneous material. There are at
least four bands in the unphotoreversed parent material one of which has the same mobility
as the materiel in lanes 2 and 6 (lane 4). Photoreversal of this material gave four
monoadduct bands plus the unmodified oligomer. Two of these monoadduct bands were
the same as the monoadducts formed in lanes 1 and 5. The simplest explanation for these
results is the presence of multiple psoralen adducts in the middle band. Lane 7 is the
photoreversal of the upper most of the two cross-link bands formed by photoreaction with
psoralen 4, and lane 9 is the photoreversal of the lower of the two. The upper band is

contaminated with a small amount of materiel that has the same mobility as the lower band.
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Lane 7 indicates that four monoadducts are formed from this mixture. Lane 9 indicates that
the lower cross-linked materiel gives two different monoadducts. Two of the monoadduct
bands in lane seven are the same as those in lane nine. Lane 11 is the photoreversal of the
upper most of the two cross-link bands formed by photoreaction with psoralen 5, and lane
13 is the photoreversal of the lower of the two. The upper band is contaminated with a
small amount of materiel that has the same mobility as the lower band. Two monoadduct
bands and the unmodified oligomer are produced by photoreversal in lane 13.
Photoreversal of the upper band yields four monoadducted oligonucleotides, two of which
have the same mobility as the adducts in lane 13 (lane 11).

Figure 1.13 is an autoradiogram of the photoreversal of the major bands that
corresponded to cross-links for psoralens 6-8. These are 8-MOP derivatives. The lanes
of the gel are photoreversal reactions of the major bands that formed in the reactions with
the psoralens in pairs. The first lane in each pair is cross-linked oligomer photoproduct
photoreversed with 254 nm light and the second lane in each pair is the parent material.
Lanes 13-16 are photoreversal reactions of the two 8-MOP cross-links. Lane 13 is
photoreversal of the upper 8-MOP cross-link. It gives two monoadducts; the unmodified
DNA. Lane 15 is the photoreversal of the lower 8-MOP cross-link. It gives two
monoadducts and the unmodified DNA. Lanes 13 and 15 show products with identical
electrophoretic mobility. The different mobilities of the two products in the initial gel
reflects two different conformations that the cross-linked species adopt during
electrophoresis. The most likely alternate conformation is that of the ring open form of the
pyrone-side of the cross-link. These two photoreversal reactions constitute the control
reactions. Inspection of the gel indicates that the pairs of upper and lower bands that were
excised from the gel in figure 1.11 (lanes 1 and 3 for psoralen 6, lanes 5 and 7 for psoralen
7, and lanes 9 and 11 for psoralen 8) give the same distribution of photoreversal products.

The explanation for this is the same as that given above for the 8-MOP cross-links.
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Figure 1.13: Shown is an autoradiogram of the photoreversal of the major bands that
corresponded to cross-links for psoralens 6-8 shown in figure 1.11. These are 8-MOP
derivatives. The lanes of the gel are photoreversal reactions of the major bands that formed
in the reactions with the psoralens in pairs. The first lane in each pair is cross-linked
oligomer photoproduct photoreversed with 254 nm light and the second lane in each pair is
the parent material. Lanes 13-16 are photoreversal reactions of the two 8-MOP cross-links.

See the text for a more detailed interpertation of these data.
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In order to investigate the length dependence of the DNA oligomer to which the
spin-label was photobound, we investigated the reaction between compounds 3 and 4 and
two sets of DNA oligomers. The first set of DNA oligomers were a pair of complementary
21 mers that formed a helix of 17 base pairs with four base overhangs on each end. The
second set of DNA oligomers were a pair of complementary 24 mers that formed a helix 20
base pairs long with four base overhangs on each end. Both ends of the duplex have a
Bam H1 restriction site. There is a central 5’-TpA-3’ site in both of the duplexes. The

sequences are shown below.

5’ -GAT-CCG-AGC-TCG-GTA-CCC-GGG-AGC-3" 24 mers
3’ -GC-TCG-AGC-CAT-GGG-CCC-TCG-CTA-G-5"

5" -AAT-TCG—-AGC-TCG-GTA-CCC-GGG-3’ 21 mers
3’ -GC-TCG-AGC—-CAT-GGG-CCC-CTA-G-5"

A solution of the two 21mers or two 24 mers and psoralen 3 or 4 were irradiated in
a flow cell using an argon-ion laser emitting at 366 nm to form cross-linked molecules.
The DNA was isolated from the reaction mixture and the cross-linked isolated by
preparative electrophoresis on denaturing polyacrylamide gels. This material was then
multimerized by treatment with T4 DNA ligase. The multimerized 21 mers or 24 mers
from the ligation mixture were separated from each other by preparative electrophoresis on
denaturing polyacrylamide gels (Figure 1.14). The right-hand autoradiogram in figure
1.14 shows the ligation mixture run out on a 5% native polyacrylamide gel from the 24
mers. It can be seen that the majority of the material was ligated into pieces of DNA that
were larger than could be resolved by the gel. Multimers of 1-8 24 mer duplexes were
isolated by electrophoresing on a 1 mm x 40 cm x 40 cm denaturing gel. The left-hand
autoradiogram in figure 1.14 shows the multimerized 21 mers made up of 1-8 units run out
on a 12% denaturing gel as a final purification step. After elution of the individual
multimerized cross-linked oligomers from the gel and purification and concentration, the

DNA was placed in the ESR spectrometer and spectra of the spin-labeled DNAs were
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Figure 1.14: The right-hand autoradiogram in this figure shows the products of the
ligation of the 24 mers cross-linked with psoralen 4 run out on a 5% native polyacrylamide
gel. It can be seen that the majority of the material was ligated into pieces of DNA that
were larger than could be resolved by the gel. The left-hand autoradiogram shows the
multimerized 21 mers made up of one to eight 21 mers crosslinked with psoralen 3 run out

on a 12% denaturing gel as a final purification step. See text for further details.
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acquired. A number of technical difficulties appeared during this process. First, to insure
that all the 5'-ends._of‘ the oligos were phosphorylated and therefore substrates for ligase,
the oligomers had to be kinased. Secondly, recovery of the oligomers and multimerized
oligomers from the gels was a inefficient process. Typically, oﬁly 50-80% of the DNA
loaded onto a gel was recovered. The Zlmers proved to be poor substratés for DNA
ligase, giving a low yield of the desired multimers. On the other hand, the cross-linked 24
mers proved to be excellent substrates for DNA ligase with the majority of the material
forming products of lengths greater than ten 24 mers ligated together'. After the DNA was
isolated from the gel, the remaining single stranded overhangs were filled in using the
Klenow fragment of DNA polymerase and dNTP’s to give blunt ended DNA fragments.
In order to acquire a good EPR signal, a minimum of 1014 spins is necessary. This works
out to be approximately 3 pg of cross-linked DNA 21 or 24 mers. Much larger quantities
than this of each of the multimers 1-4 were synthesized. However, very little EPR signal
was observed. This was ascribed to photodestruction of the spin-label by the intense laser
light. When the psoralen itself was subject to irradiation by the 366 nm laser light, in
aqueous solution, no degradation of the signal was observed. When the psoralen was
cross-linked into DNA, signal was destroyed. Attempts were made to reoxidize the
\ni»troxide using copper II and hydrogen peroxide; however, these failed. It is known that
photochemically excited nitroxides in the appropriate geometry can either photoreduce or
photochemically insert themselves into sigma bonds. If the psoralen-DNA-spin label
complex was photoreduced, copper catalyzed reoxidation of the nitroxide should be
possible. If the nitroxide had photo-inserted itself into the surrounding DNA molecule,
then no reoxidation and recovery of the EPR signal would be possible. A further
experimental difficulty encountered was the destruction of the EPR signal over time after
the DNA had been introduced into the sample tubes. We sealed the EPR tubes containing
our samples with a silicon based vacuum grease which destroyed spin label signal. After

losing a spin label DNA sample to this phenomenon, we found that TEMPONE in aqueous
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Tris buffer was destroyed by the vacuum grease as well with a half life of 11 hours. In
spite of all these difficulties, EPR spectra were obtained for DNA molecules of length 8,
24, 46, and 92 base pairs long (figures 1.15 through 1.19). In all cases, the spectra can be
interpréted to indicate that the nitroxide spin label that survived photodestruction and
handling is faithfully reporting the motion 6f the DNA. Cross-linked and multimerized
molecules of length 96, 109, 120, 130, 144, 151, and 172 base pairs were also
successfully isolated, however there was not endugh materiel available to acquire an

adequate EPR spectrum.

Flow chart

1. Kinase the mixture of oligomers

2. Reaction of 21T and 21B with psoralen X in the laser.

3. Run a prep gel to separate X1. away from MAp and UM 21mer

4. Electroelute the XL in an elutrap device, and then ppt the oligomer.

5. Ligate the recovered XL molecules together (Big loses)

6. Run a prep gel to separate the multimers 1-8

7. Electroelute the individual multimers in an elutrap device, followed by precipitation

8. Use the Klenow fragment and NTP’s to fill in the ends of the fractions. label lightly with
a32p ATP. |

9. Run a gel with the various fractions to further purify the multimers
Electroelute the individuai multimers in an elutrap device, followed by precipitation.

10. Take up the purified multirhers in 10X 150 mM NaCl, lOO mM Tris-HCl pH 7.3, and
5SmM EDTA

11. acquire EPR spectra.
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Results of purification

Multimer  Length Cpm 32p cpm*(SL/molecule) Ratio
1 24 142881 142881 35.5
2 46 24891 49782 12.0
3 67 60152 180456 43.6
4 88 25596 102384 24.8
5 109 9870 49350 120
6 130 4570 27420 6.6
7 151 1879 - 13153 3.2
8

172 517 4136 1.0

Multimer refers to the number of 21 mers ligatcd_togcthér. Length is in base pairs. Cpm
was measured by cherenkov counting. cpm*(SL/molecule) normalizes the cpm to the
number of spin labels in a molecule. Only the ends of a molecule are labeled with 32p,

Ratio refers to the anticipated EPR signal relative to the amount of 172 mer.
Interpretation of EPR Spectra

Electron paramagnetic resonance (EPR) is very similar in principle to NMR. The
technique is not as well known as NMR because the signal arises from unpaired electron
spins rather than nuclear spins. This limits thé applicability of the technique to free radicals
and certain metals and metal ions.

Since the electron magnetic moment is three orders of magnitude larger than typical
nuclear magnetic moments, EPR spectrometers usually operate at higher frequencies than

NMR instruments. All our experiments were performed at fixed frequencies on the order
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of 9.2 GHz, in the microwave region. The larger magnetic moment and higher frequency
also result in a sensitivity advantage over NMR. With our instrument we can easily detect
as few as 1012 spins, this is approximately 1.7 x 1012 moles.
- While in NMR the signal is collected as a function of frequency at fixed magnetic
- field, all our data was taken at fixed frequency as a function of magnetic field. Fgr technical
reasons, the data collected and displayed is dy/dH, the first derivative of the absorption of
the sample with respcét to field, rather than the absorption itself.

We wish to use EPR to obtain information on the dynamics of DNA.
Unfortunately DNA has no unpaired electrons. In order to study it by EPR, we need to
attach a spin-label. Nitroxides are the free radicals of choice for spin-labeling due to their
relative stability. In using a spin-label-to study DNA dynamics, it is importanf to establish
that the spin-label is rigidly attached to the DNA. If the spin-label is not rigidly attached, it
will wobble independently of the DNA and will give an EPR spectrum indicative of faster
motion than the DNA is actually undergoing. .

The EPR spectrum of a nitroxidé spin-label is determined by the interaction between
the unpaired electron and the external field (fine structure interaction) and the interaction ’
between the electron and the neighboring nitrogen nucleus (hyperfine interaction). The
hyperfine interaction can be decomposed into two parts - the anisotropic hyperfine
interaction (a.h.i.), which depends on the orientation of the spin-label with respect to the
external magnetic field; and the isotropic hypcrﬁne interaction, which does not depehd on
the spin-label’s orientation. The a.h.i. may be partially or completely averaged out by
rotation and tumbling of the spin-label. The extent of this averaging depcnds on the rate of
rotation and determines the shape of the EPR spectrum. The spectrum may also be affected
by the type of rotation the spin-label undergoes: anisotropic rotation results in different
spectra than isotropic rotation.

The isotropic hyperfine interaction does not depend on the orientation of the spin-

label and is therefore not affected by any motion of the spin-label. For 14N nuclei, I = 1

50



and the EPR spectrum is a superposition of (2I + 1) = 3 lines, each corresponding to a

different value of my, where m] is the z-component of the nuclear spin. In the fast-motion

limit, the a.h.i. is averaged out and results only in a slight difference in the line widths and
heights for the 3 narrow lines in the spectrum. This limit occurs when the rotational

correlation time, T¢, is short compared to the inverse of the EPR transition frequency,

typically 100ps. The rotational correlation time is the average time it takes a molecule to

change its orientation by one radian. For 10-11 s <t¢ < 2x109 s, the a.h.i. is not’

completely averaged out and has a larger effect on the heights of each of the 3 lines. In this

range of 1, the value of 1¢ can be calculated from the EPR spectrum by taking ratios of

line-heights (Likhtenshtein, 1974):
1c = ((hg/h-1)12 -1) AHgp/ 3.6x109

where hg is the height of the my = 0 line, h_j is the height of the my = -1 line, AHy is the
width of the my=0 line in Gauss. 1¢ is in seconds. For 1¢c > 2x10-9 s, each of the 3 lines
broadens to the extent that they begin to overlap, and the rotational correlation time must be
inferred from a more detailed comparison of the spectrum with simulated spectra calculated
for different rotational correlation times.

The rigid-limit spectrum occurs for Tc longer than 1/A, where A is the magnitude of
the hyperfine splitting in Hertz. Our experimental data was acquired using continuous
wave (CW) EPR. The CW EPR spectrum of nitroxides does not change ‘with increasing Tc
beyond about 10-7 s. Dynamic information can still be extracted by other EPR techniques,
as long as the rotational correlation time is not longer than 4T1T2YdHres /d6 , where T is
the spin-lattice relaxation time, T2 is the spin de-phasing time, y the magnetogyric ratio,
Hres. the value of applied field at EPR resonance, and 6 is the orientation angle of the

nitroxide with respect to the applied field, H (see Future work, below).
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Molecules in solution, in addition to diffusing in space, will diffuse ‘iI\l orientation.
A roughly spherical molecule (e.g. most globular proteins) tumbles in solution with a
rotational correlation time of 1 V / k T, where 1 is the viscosity and V the volume of the
molecule. Cantor and Schimmel give/a rule-of-thumb number of 1 nsec for each 2400
daltons of molecular weight.

A molecule which is not spherical will re-orient with more than one characteristic
time. Cantor and Schimmel give expressions for proiatc and oblate ellipsoids (p. 562 -
3)(Cantor and Schimmel, 1980). Intuitively, one would expect that a prolate ellipsoid (i.e.
a football) or a rod will rotate more rapidly about its long axis than it will end-over-end.
Since short (< 500A, 150 base pairs) pieces of DNA are rod-like, they will have one
rotational correlation time for rotation about their long axis and a longer time for end-over-
end motion.

EPR spectfa of nitroxides for isotropic rotation (such as that of spheres) are
different from anisotropic rotation (such as for rods). With sufficient effort, orientational
anisotropy can be incorporated into the analysis of EPR spectra. In our analysis of EPR
spectra for spin-labelled DNA (see below), we have stuck to the simpler case of isotropic
rotational motion. This may account for some of the differences between experimental and
simulated spectra and also for differences between expected and observed -rotational

correlation times.
Results and Simulations of CW EPR spectra

For EPR spectra in the fast-tumbling region where the three lines of the nitroxide
spectrum are well-separated and narrow, the rotational correlation time was calculated ﬁsing
the formula given above. These spectra for spin labeled psoralen 3 and for the self-
complementary 8 mer 5’-GGGTACCC-3’ cross-linked with psoralen 3 are shown in figure

1.10. The rotational corrélation times are for these two molecules are 7x10-11 s and 2.5 x
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10-9 s, respectively. These compare with times of 1.5 x 10-10 s and 2.1x10°9 s,
calculated by applying Cantor and Schimmel’s rule-of thumb for spherical molecules. This
is a fairly good agreement for the two methods for calculating Tc. An 8 mer duplex DNA is
roughly spherical, being approximately 27A in length, and 20A in width. This result
indicates that the rotational freedom of the nitroxide reporter group covalently bound to the
DNA is indeed limited by its interaction with the surrounding molecule.

The spectra that we acquired for molecules larger than the 8 mer cross-link were too
complex to be analyzed by simple application of the line height equation. This result in and
of itself indicates that the independent rotation and/or reorientation of the nitroxide bound to
the molecules was on a longer time scale than 3 nano-seconds. To get rotational correlation |
times for the larger rnoleculeé, we compared our experimental spectra Awith simulated
spectra generated by a set of programs provided by Schneider and Freed (Schneider and
Freed, 1989). All simulated spectra used the parameters gxx = 2.00747, gyy = 2.00581,
8zz = 2.00310, Axx = 6.24 G, Ayy = 10.05 G, Azz = 32.29 G, where the g-tensor
couples the field H to the electron spin, and the A-tensor couples the electron and nuclear
spins. For a more detailed discussion of the physics of EPR, see Wertz and Bolton.

The top panel of ﬁgufe 1.15 is the experimentally acquired spectrum for the two 24
mefs cross-linked with psoralen 4. The top panel of figure 1.16 are the same DNA
molecules except cross-linked with psoralen 3. The top panel in figure 1.17 is the same
molecule as in figure 1.15 except that it is 10 times more concentrated. The top panel of
figure 1.18 is the spectrum aquired from a 46 mer cross-linked with psoralen 3 with two
psoralen cross-links per molecule separated by 21 base pairs. It is unlikely that the spins
on any individual molecule would interact with each other, because the vast majority of the‘
nitroxides in this sample were destroyed in the photochemical cross-link formation step.
The best simulated spectra for each of these are shown in the bottom panel of figures 1.15
through 1.19. The fit to the spectrum in figure 1.15 gives a T¢ of Sns. The spectrum in

figure 1.16 also has a reasonable resemblance to a Sns simulation, although it seems to
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Figure 1.15 EPR spectrum of 24 mer cross-linked with psoralen 3
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Figure 1.16 EPR spectrum of 24 mer cross-linked with psoralen 4
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Figure 1.17 EPR spectrum of 24 mer cross-linked with psoralen 3
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Figure 1.18 EPR spectrum of 46 mer cross-linked with psoralen 3
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Figure 1.19 EPR spectrum of 88 mer cross-linked with psoralen 3
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indicate slightly slower motion than the spectrum in figure 1.15. There are three sigma
bonds between the psoralen and the spin label ring in compound 4, while there are four |
sigma bonds separating the components in molecule 3. This extra sigma bond and the
increased freedom of motion that it may allow could account for the longer correlation time
seen in the 24 mer cross-linked with psoralen 4. The rule-of-thumb for molecules of this
size gives a T¢ of 6.4ns. Thus if our spin-labels are moving independently of the DNA, the
motion is small. The spectrum for a concentrated solution of the 24 mers (figure 1.17) best
resembles a simulation with Tc of 6.7 ns. Because the concentration of DNA in this
solution was 10 times higher than the sample which yielded the spectrum in figure 1.15,
the increase in the correlation time may be due intermolecular interactions. The spectra for
- the 46 base pair fragment (figure 1.18) and for the 96 base pair fragment (figure 1.19) are
more problematic because of the combination of low signal-to-noise and the presence of a
background signal in the EPR cavity. All that can be said is that the 46 base pair fragment
data is consistent with simulations with t¢ of 8.3ns, as well as simulations with much
longer 1, e.g. 16.7 ns. The spectrum in figure 1.19 of a 96 base pair fragment cannot be
matched well with simulated spectra.

It is possible to do more detailed simulations of the EPR spectra by varying all the
parameters in the simulation (A-ténsor, g-tensor, rotational correlation time, rotational
anisotropy). All these parameters can be adjusted to find an optimal fit to the spectra.
Calculations of this type require a supercomputer and can give very nice fits. We decided to
just use published values of the A- and g-tensors for nitroxides, vary the rotational
correlation time, and leave out the effects of rotational anisotropy. ‘The simulations
resemble our spectra closely enough that we can determine rotational cérrelation time to
within 20%. The rotational correlation times we obtained agree with Cantor and

Schimmel’s rule-of-thumb for t¢ within 20%.
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Conclusions and Potential Future Applications of Spin-Labeled Psoralens

The CW EPR spectra that we acquired in this study indicate that our spin-labels
faithfully report the over-all tumbling of DNA oligomers. The spin-labels therefbre db not
wobble with respect to the DNA on the time-scales investigated, i.e. up to about 10ns. In
studies of synthetic DNA oligomers, the Hopkins spin-labeled thymidine EPR probe is
clearly superior to these spin-labeled psoralens. Because it does not cross-link the nucleic
acid, the modified thymidine does not introduce nearly as large a structural perturbation as
the psoralens. It afso does not suffer loss of signal during its introduction into the nucleic
acid because there is no photochemical step. However, if the dynamics of native nucleic
acids such as chromatin and whole nuclei are to be studied, then a probe such as our spin-
labeled psoralens is ideal for delivery of the nitroxide reporter group. Also, psoralen
damaged DNA is recognized by repair enzyme complexes. Nitroxide labeled psoralens can
be used to study the dynamics of this system both by EPR directly and by line-broadening
of NMR resonances. In order to study the slower DNA dynamics characteristic of large-
scale DNA bending and twisting, wé will study DNA molecules large enough so that the
over-all tumbling of the molecule is negligible.

As notcd above, CW EPR is capable of measuring motion for 1 as long as 107 .
To study slower motions using EPR, non-linear techniques must be used. Thé two most
important ones are saturation transfer EPR, reviewed by Hemmings and de Jager
(Hemmings and De Jager, 1989), and electron-electron double resonance (ELDOR),
reviewed by Hyde and Feix (Hyde and Feix, 1989). With these techniques one can obtain
information on motions as slow as Imsec. |

We have d‘escﬁbed here the synthesis of several spin-labeled psoralven derivatives
and their photoreactivity with double-stranded DNA fragments. We have demonstrated that

the spin labels (nitroxides) can survive at some level the UV irradiation required to bind the
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probe to the target DNA. There are some potential strafegies for overcoming the problem
of photochemical destruction‘ of the nitroxide. The most obvious approach is a more
extensive investigation of the photoﬁxaﬁon of nitrdxidcs to 6ligomcrs using the spin
labeled 8-MOP derivatives. It is possible that the excited-state photochemistry availabie to
the nitroxide in the major groove is quite different than that available in the minor groove.
Another potential solution is to do the photochemistry with reduced spin labeled psoralen
and then to re-oxidize the cross-linked molecules. The use of longer wavelength light to
drive the photochemistry is another possibility. A reduction in the intensity of the cross-
linking light can also be investigated. The light from the argon-ion laser used had an
intensity of approximately 25 W/cm? which is 100X the intensity of the light source used
to investigate the photocross-linking of the 8-mer d(GGGTACCC)2. With the well-
characterized photochemistry of psoralen with double-stranded nucleic acids, the capability
to place a spin label at any specific site in a nucleic acids molecule to faithfully report the
motion of the macromolecule should become possible. With different techniques involving
spin labels, we will be able to gain information on the dynamic motion within a wide range
of time scale (from micro- to millisecond). This will allow us to study the motion of
nucleic acid molecules free in solution and even in a biochemical process such possible
DNA rotations during transcription and replication. These spin-labeled psoralens should
also prove useful in studying the secondary and tertiary structure of RNA by their ability to

paramagnetically broaden NMR lines.
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Chapter 2

Nucleotide Excision Repair in Human Cell-Free Extracts

DNA is the repository of an organism's genetic makeup, RNA viruses excepted. A
variety of DNA repair mechanisms exist and are active and available to the cell to ensure
that the genetic information and the physical functionality of the genome are not
compromised. The kinds of DNA damage that we are concerned with are the loss of
information at modified or deleted bases and interference with the processes of replication
and transcription in the case of interstrand cross-links. There are many types of DNA
damage, alkylation, single stranded nicks, double strand breaks, interstrand cross-links,
hydrolysis, radiolysis and oxidation to name a few.

To ensure that genetic information is properly passed on to the next generation, the
error frequency of DNA replication in a cell is very low. One in 107 nucleotides is
incorrectly copied by DNA polymerase and thel attendant accessory proteins that enhance
 the fidelity of replication. Post-replication mismatch repair pathways further reduce the
error frequency to one in 1010 nucleotides. Errors in replication are not the only challenges
faced by an organism atterhpting to maintain the integrity of its genome. DNA can be
damaged in a number of ways. Spontaneous chemical changes 1o the bases include
deamination of deoxycytidine to give deoxyuridine, tautomerization which may affect
basepairing, and depurination. The environment subjects the cell to a variety of chemical
- and physical agents that can adversely affect both the bases and the sugar-phosphate

backbone (Friedberg, 1985).
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Cellular DNA repair processes have been investigated in both prokaryotic and
eukaryotic systems.. Progress towards understanding excision repair in Escherichia coli,
yeast and mammalian systems has been recently reviewed (Friedberg, 1987; Friedberg,
1988; Myles and Sancar, 1989; Smith, 1988). Cellular repair of DNA damage is best
understood in E. coli. In E. coli, a number of DNA repair pathways have been identified.
Some types of damage to DNA can be reversed directly, as in the photolyase-mediated
_ monomerization of cis-syn pyrimidine dimers (Sancar and Sancar, 1988) or the ligation of
single-stranded breaks by DNA ligase. Other lesions must be excised from the genome or
somehow replicatively or transcriptionally b);passed. Replicative bypass is usually a
mutagenic process. DNA glycosylases that hydrolyze the N-glycosidic bond between the
base and the sugar-phosphate backbone mediate base excision repair.
Apurinic/apyrimidinic (AP) endonucleases recognize the absence of a base and hydrolyze
the adjacent 5" and 3’ phosphodiester bonds (Friedberg, 1985). Mismatched basepairs can
also be corrected through excision repair pathways (Friedberg, 1985; Modrich, 1989;
Myles and Sancar, 1989). In nucleotide excision repair, the damaged base or bases are
typically removed as part of a small oligonucleotide. Nucleotide excision repair is a
mechanism by which lesions are removed from DNA in the form of a short oligonucleotide
with the concomitant filling in of the resulting gap by DNA polymerase and nick closure by
DNA ligase (Sancar and Sancar, 1988). This process can be either error free or error
prone. A_n in vitro model for the error free repair of psoralen cross-linked DNA has
recently been proposed (Cheng et al., 1991). The incorporation of ﬁucleoﬁdes by DNA
polymerase into this patch is termed répair synthesis. Nucleotide excision repair restores
the integrity of the DNA molecule. In E. coli mutations in any of three genes,'uvrA, uvrB
and uvrC, make the cells extremely sensitive to killing by UV and UV-mimetic agents such
~ as psoralen and cisplatin. Biochemically these mutants fail to incise DNA damaged with

these and other agents.
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In the yeast Saccharomyces cerevisiae, at least twelve genetic loci have been
implicated in excision repair. The RAD3 group defines ten of the twelve genetc loci that
are unique to the nucleotide excision repair epistasis group. Mutations in any one of the
genes or combination of genes in this group result in the same degree of sensitivity to UV
radiation or chemical agents by the yeast. The RADI, RAD2, RAD3, RAD4, and RAD10
genes are absolutely required for nucleotide excision repair. All of these genes have been
isolated and sequenced.

Recombinational repair (RAD52 group) and mutagenic repair (RAD6 group) are
two other major repair systems that have been identified in S. cerevisiae. Recombinational
repair and mutagenic repair in E. coli are activated during the SOS response to
environmental stresses. As in E. coli, activation of these yeast genes are implicated as
cellular responses to psoralen monoadducts and cross-links in addition to the excision
repair pathways. Recombination between sister chromatids may play a role in repair in
. mammalian cells as well. Glycosylase activities have been identified in E. coli and human
cells (Boorstein et al., 1989; Doetsch et al., 1987; Weiss er al., 1989), and in S.
cerevisiae (Gossett et al., 1988). All three of these systems (bacterial, yeast, and human)
have demonstrated a limited ability for replicative bypass of psoralen monoadducts.
Evidence from both E. coli and S. cerevisiae suggests that an intermediate in the excision
repair pathway can serve as a common substrate for other repair processes. (Moustacchi,
1988) |

The cellular responses of mammalian systems to DNA damage represent yet another
level of complexity. Cell lines derived from the autosomal recessive disorders Fanconi's
anemia (FA) and xeroderma pigmentosﬁm (XP) are two human céll lines that have been
used in the study of DNA excision repair. XP cells are deficient in nucleotide excision
repair, and FA cells exhibit a heightened sensitivity to agents which form interstrand cross-
links (Averbeck et al., 1988a; Moustacchi er al., 1988). Chinese hamster ovary (CHO)

mutants sensitive to UV radiation and deficient in excision repair have been used in the
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isolation of human repair genes (Friedberg, 1987; Thompson et al., 1988). In man the
genetics of nucleotide excision repair is more complicated than that of either E. coli or
yeast. Mutations in any of the nine xeroderma pigmentosum (XP) genes render cells
sensitive to these same DNA-damaging agents. It is generally agreed that patients suffering
from this disease have a defect in nucleotide excision repair and, as with the E. coli uvr
mutants, the biochemical defect is at or before the incision step.

The focus of this study was to determine whether psoralen interstrand cross-links
are also removed from damaged DNA during the in vitro repair reaction with HeL.a human
cell-free extracts. In E. coli, excision repair of a psoralen crbss-link is a complex multistep
mechanism requiring homologous DNA and the activity of RecA in addition to the uvtABC
excinuclease complex, helicase, polymerase I and ligase (Cheng ez al., 1988b; Sladek et
al., 1989; Van Houten ez al., 1986a). The repair of psoralen monoadducts and interstrand
cross-links has been reported for normal human cells (Vos and Hanawalt, 1987). ABC
excinuclease is the multisubunit enzyme which mediates nucleotide excision repair in E.
coli (Myles and Sancar, 1989; Sancar and Sancar, 1988). Both psoralen monoadducts and
cross-links are among the various lesions targeted in this process. ABC excinuclease
recognizes and excises adducts to DNA formed by the drug CC-1065 (Selby and Sancar,
1988) numerous other alkylating agents, cis-Pt(II)NHZCIQ, as well as UV irradiation-
induced pyrimidine dimers and 6-4 photo-products (Sancar and Sancaf, 1988). One
possible basis for the recognition of such lesions is a distortion of the DNA helix. A
psoralen monoadduct induces a greater distortion in the structure of the DNA helix than that
induced by a thymine dimer. Thymine glycol, AP sites (Lin and Sancar, 1989), the N2-
guanine adduct formed by anthramycin (Walter et al., 1988) and O"i—methyl guanine (Voigt
et al., 1989) are lesions that do not induce significant distortions of the DNA helix.
Incision at a site-specifically placed psoralen monoadduct, thymine dimer, and OS-
methylguanine correlate with the degree of resulting helical distortion induced by the lesion

(Voigt et al., 1989). ABC excinuclease will also recognize damage at lesions that do not
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cause significant distortion of the DNA helix at a lower efficiency. Repair of DNA damage
sités may be targetéd through a process in which lesions alter helix dynamics and thus
influence binding of the excinuclease rather than through recognition of a particular static
structural distortion of the helix (Lin and Sancar, 1989; Pu ez al., 1989).

ABC excinuclease typically makes two specific incisions, one at the seventh or
eighth phosphodiester bond on the 5’ side, and one at the fourth or fifth bond on the 3’ side
of a lesion, leaving a gap with 3’-OH and 5’-P termini that is then filled in by polymerase
and sealed by ligase (Sancar and Sancar, 1988). The short repair patch pathway that
predominates nucleotide excision repair is characterized by repair patches of 10-30
nucleotides (Peterson er al., 1988; Smith ez al., 1989). Van Houten and co-workers found
that following incision of a uniquely monoadducted duplex, 83% of the repair patches were
12 nucleotides long. This was precisely the size of the gap between the two (A)BC
incision sites. An additional 10% of the patches were 12-20 nucleotides long, and no
patches longer than 45 nucleotides were detected (Van Houten er al., 1988). Several
studies on the mechanism of (A)BC excinuclease have utilized substrates containing site-
specifically placed psoralen adducts (Cheng et al., 1991; .Jones and Yeung, 1988; Van
Houten et al., 1986a; Van Houten ez al., 1986b; Yeung et al., 1987). Both furan- and
pyrone-side psoralen monoadducts are recognized and are incised at the eighth
phosphodiester bond 5 and the fifth bond 3’ to the adduct (Van Houten ez al., 1986a).
(A)BC excinuclease incises DNA at a site-specific HMT cross-linked 40-basepair duplex
only on the furan-side strand. The incision takes place at the ninth phosphodiester bond on
the 5’ side and the third phosphodiester bonds on the 3’ side of the cross-link (Van Houten
et al., 1986b). |

We desired to demonstrate excision repair of DNA damage in the human system.
We decided to use a DNA substrate that was randomly damaged with psoralen for this
study. The work reported here was done in conjunction with Dr. Joyc.e Reardon and Dr.

Aziz Sancar at the University of North Carolina, Chapel Hill. The design and construction
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6f the psoralen photochemicaly .modiﬁed plasmids were caried out by me, while the
enzymatic assays were carried out by the U.N.C. group.

The details of DNA excision repair that have been elucidated in E. coli can serve as
a foundation for constructing models of the more complicatéd eukaryotic mechanisms.
Strong parallels in biochemical processes such as replication have previously been found
among bacteria, yeast, and mammalian cells (Kornberg, 1980). Although this excision
repair mechanism has been well-characterized in prokaryotes it remains biochemically ill-
defined in mammalian cells. =

An important step towards characterization of nucleotide excision in humans was
the devéloprnént of a cell-free extract (CFE) system capable of carrying out repair synthesis
on damaged DNA substrates (Heiger-Bernays ez al., 1990; Sibghat-Ullah et al., 1989;
Wood, 1989; Wood er al., 1988). Previous reports have demonstrated that cell-free
extracts prepared from human cells contain a repair activity which acts on DNA damaged
by UV light, psoralen and platinum. This activity was detected in a DNA damage-

| dependent repair synthesis assay and was interpreted as true repair in a biological sense in
that it restored the sensitivity of site-specific psoralen damaged DNA to a restriction enzyme
(Sibghat-Ullah et al., 1989) or reactivated platinum-modified DNA templates for in vitro
replication (Heiger-Bernays et al., 1990). Because the damage-dependent DNA synthesis
activity was greatly reduced or absen.t in all tested XP cell lines, it was concluded t'hat‘the
activity was due to repair synthesis following removal of the various adducts.

Although this in vitro system has been used extensively (Cheng et al., 1988b;
Manley ez al., 1980; Sladek er al., 1989; Van Houten, etal., 1986a; Vos and Hanawalt,
1987), the repair synthesis that can be accomplished utilizing this system under optimal
conditions corresponds to removal of only 1-10% of total adducts assuming a "repair
patch" Size of 20 nucleotides (Manley ez al., 1980; 'Wood et al., 1988). Therefore it has
not been possible to diréctly demonstrate that the in virro system is capéble of removing the

damaged nucleotides. Indirect evidence for excision repair mediated removal of DNA
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lesions have been presented in these reports. Indeed, it could be argued that the so-called
"repair synthesis" is actually damage induced aberrant DNA synthesis which does not
result in repair. Repair of the damaged DNA is defined as the removal of the modified base
adduct and its replacement with a normal nucleotide.

We have used DNA containing psoralen adducts to directly address the question of
whether all or part of the damage-induced DNA synthesis is associated with adduct removal
and is therefore genuine repair synthesis. We found that all DNA synthesis in our HeLa
cell-free extracts induced by psoralen monoadducts or cross-links is associated with adduct
removal and therefore qualifies as bona fide repair synthesis. In this cell free extract
system we also found that psoralen cross-links elicited a higher level of DNA synthesis
when compared with psoralen monoadducts, and that this higher level of synthesis was

associated with removal of the interstrand cross-links.
MATERIALS AND METHODS

Materials. HeLa S3 cells were from the stock of Lineberger Cancer Center
(University of North Carolina). The radioisotopes, [0-32P]JdCTP (6000 Ci/mmole) and [y-
32p]ATP (7000 Ci/mmole) were obtained from New England Nuclear-DuPont (Boston,
MA) and ICN Radiochemicals (Irvine, CA), respectively. ATP, dNT Ps_, pyruvate kinase,
and phosphoenolpyruvate were obtained from Pharmacia (Piscataway, NJ) or Sigma
Chemical Company (St. Louis, MO). Restriction enzymes, kinase, ligase and Poll were
from Bethesda Research Laboratories (Gaithersburg, MD) and 4-hydroxymethyl-4,5'8-
trimethylpsoralen (HMT) was a gift from HRI Associates (Concord, CA).

Repair Systems. HeLa cell free extract (CFE) capable of damage-induced DNA
synthesis was prepared from HeLa S3 cells by the method of Thomas ez al. (Thomas et al.,
19.85) as described by Sigbhat-Ullah er al. (Sibghat-Ullah ez al., 1989). Typically, the

yield was 7-10 mg total protein per liter of cells; each batch of extract was tested to
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determine the optimal protein concentration to be used in the repair synthesis assays. The
amount of protein which gave optimal signal-to-noise ratio in these assays varied somewhat.
from extract to extract. The CFE was stable for at least 6 months when stored at -80°C and
retained its activity after one cycle of thaw-and-refreeze. The subunits of E. coli (A)BC
excinuclease were purified as described previously (Hansson and Wood, 1989).
Substrates. pBR 322 DNA damaged by UV or psoralen (HMT) was our substrate
for these reactions. The plasmid was purified through two CsCl-éthidium bromide density
gradients, dissolved in TEN 7.4 (10 mM Tris HCI, pH 7.4, 10 mM NaCl, 1 mM EDTA)
and stored at 4°C. For UV damage, the DNA was exposed to 375 J/m2 of 254 nm
radiation from a 15 W Westinghouse Germicidal Sterilamp. The DNA was at a
concentration of 20 pg/ml and in the form of 5 pl droplets during irradiation. We have
established that under these conditions 12.5 J/m? introduces 1 UV pyrimidine dimer per

plasmid. No nicks were introduced into DNA during irradiation with 254 nm light.

Psoralen adducted DNA containing either exclusively monoadduct or mostly
diadducts (interstrand cross-links) were prepared by taking advantage of the unique spectral
properties of DNA, psoralen, and the psoralen-pyrimidine monoadduct. In order to test for
the presence of excision repair of psoralen-DNA adducts in Humah HelLa cell-free extracts
we needed to synthesizc the appropriately adducted molecules. ~ Since we expected only 1-
10% of the psoralen adducts to be repaired under the conditions of 6ur assay, we decided
to use a randomly damaged plas_rnid substrate with multiple psoralen lesions to increase our
signal-to-noise ratio. We also wanted to determine if there was any difference betWéen
repair of monoadducts and that of cross-links by the HeLa CFE. Previous methods for the
synthesis of monoadducted DNA required irradiation of duplex DNA with free psoralen at
- 365 ﬁm, and then photoreversal of the crosslinked product with short wavelength light
| (254 nm) to give a mixture of pyrone-side and furan-side monoadducts. This procedure is
impractical with any DNA except for relatively short oligonucleotides. In a plasmid system

that is being created to test for the repair activity of cell-free extracts it is undesirable to
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expose the DNA to 254 nm light because of the formation of pyrimidine dimers and other
DNA photo—damagé products (Cimino et al., 1986). In addition, the pyrone-side fraction
of the monoadducts produced in this fashion are unable to be re-cross-linked efficiently.
Furan-side monoadduct cannot be isolated directly from initial irradiation performed under
conditions that produce cross-linked molecules because the quantum yield for formation of
monoadduct is smaller than the quantum yield for driving a monoadduct on to cross-link.

We used an improved method for »the preparation of furan-side monoadduct which
only requires irradiation of duplex DNA and HMT at wavelengths = 389 nm (Kodadek and
Gamper, 1987). Figure 1.4 is a comparison of the absorption spectra of DNA, furan-side
monoadducted DNA and psoralen. DNA effectively stops absorbing light at wavelengths
longer than 310 nm. The psoralen furan-side monoadduct stops absorbing light at
wavelengths greater than 390 nm. Psoralen has an absorption to at least 410 nm. We have
exploited the wavelength depehdence of this chemistry to produce HMT furan-side
monoadducted plasmids for this study of DNA excision repair. The monoadducts formed
by this method are about 98% furan—side. The irradiation device we used produced very
high initial intensities of light with wavelengths shorter than 389 nm requiring the use of an
extensive filtering system. Cross-linking light for these reactions was produced by filtering
the output of a 2200 W Hg/Xe arc lamp through a 9 cm path length 1.7 % Co(NO3)2/ 2 %
NaCl filter which produced 300 mW/cm?2 of 320-380 hm light (Cimino et al., 1986). For
long wavelength irradiations we used a 1/4” thick glass—Pyrex filter with about 50%
transmission at 365 nm and a 3 mm 350 nm cutoff filter followed by a 389 nm bandpass
filter. Multiple filters were necessary to remove the strong 365 nm mercury emission line
and to protect the bandpass filter from overheating. This filter train resulted in 5 mW/cm2
of 389 nm (monoadducting) light. Filters for long-wavelength UV irradiations were
purchased from Oriel or Baird Atomic.

The distribution of furan-side monoadducts and cross-links in a molecule will

depend on the rate of furan-side monoadduct formation relative to rate at which the
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monoadduct goes on to cross-link. This rate is directly proportional to the extinction

coefficient of HMT (g1) and the furan-side monoadduct (€2) at the wavelength that the

irradiation takes place according to the following equations:

ki =Io19;
ko = Io202
c=2303e/Nxa

k1/kp = (e161) / (e2¢2)
Where ki is the rate of monoadduct formation, kj is the rate of cross-link formation from
furan-side monoadduct, I is the intensity of the light irradiating the saniple, ¢1and ¢2 are
the quantum yields for furan-side monoadduct and cross-link formation respectively, €;
and & are the extinction coefficients for HMT and furan-side monoadduct respectvely, Na |
is Avogadro's number, and ] and 07 are respectively the absorption cross-sections of
HMT and furan-side monoadduct. ¢ is directly proportional to the extinction coefficient of
the molecule at that wavelength. The quantum yield ¢; for the formation of furan-side
monoadduct of 8-MOP by irradiation at 397.5 nm is 0.0063, and the quantum yield ¢y, for
the conversion of furan-side monoadduct to cross-link by irradiation at 341 nm is 0.028
(Tessman et al., 1985). The quantum yield for conversion of HMT furan-side monoadduct
to cross-link has been measured to be 0.024' by irradiation at 334 nm (Shi and Hears_t,
1987b). The quantum yields for the formation of cross-link from furan-side monoadduct
are the same for these two psoralens within experimental error. It is safe to assume that the
quantum yields for formation of monoadducts from the two psoralens will also be sirnilar.
The quantum yield measured for driving a furan-side monoadduct on to cross-link is four
times larger than the quantum yield for the initial formation of furan-side monoadduct. This
explains why furan-side monoadduct does not accumulate in the reaction mixture when a
HMT / DNA solution is irré.diatcd at 365 nm where both HMT and the furan-side
monoadduct have a relatively large extinction coefficient. The unfavorable ratio of quantum

yields can be overcome to make furan-side monoadduct by exploiting the difference in
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extinction coefficients at longer wavelengths. If the plasmid is irradiated with light in a
region of the spectrum where the extinction coefficient for the furan-side monoadduct is
substantially lower than the extinction coefficient for the free psoralen, monoadduct can
then accumulate in the reaction mixture. The extinction coefficients for HMT and the HMT
furan-side monoadduct at 389 nm can be estimated from their UV absorption spectra. The
extinction coefficient for HMT at this wavelength is about 40 (1 mole-! cm-1), and for the
furan-side monoadduct, it is less than 1 (1 mole-! cm-D).

The human HelL a cell-free extract excision repair activity can be saturated at a fairly
low level of DNA damage. The average total number of psoralen adducts in a plasmid was
required to be in a relatively narrow range, and could not be too high, or too low. If the
number of adducts in a plasmid were too high, the signal to noise ratio in our assay would
go down because more than one psoralen adduct would be present in any given restriction
fragment of the plasmid (see below for a discussion of how the results of CFE repair
assays were interperted). If the level of psoralen addition to the plasmid was too low, then
background synthesis in the assays would swamp out any signal. There are two ways to
control the total number of photobound psoralen adducts in a randomly adducted plasmid.
The first is to limit the total amount of psoralén in the sample, and drive all of it into a
photobound state, and the second is to limit the amount of 'light that a sample with excess
psoralen is exposed to. The total number of psoralens photobound to a plasmid is much
easier to control in the first case, because one simply irradiates the sample until no further
reaction between the DNA and psoralen is possible. The disadvantage to this method is
that with increasing light dose, more monoadducts can absorb light and be driven on to
cross-link. This is a fine approach if a crosslinked sample is. what is desired. To generate
plasmid DNA molecules where furan-side monoadducts are the predominant form of
photoadduct, the secdnd, light limiting method is much more desirable. In order to predict
what light dose will give a certain level of photoaddition, a light dose vs. number of

adducts per plasmid calibration curve was required. It was also necchary to determine the
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Figure 2.1 Time couse of photoaddition of HMT
to pUC 19 by irradiation with 389 nm light
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distribution of adducts produced under the irradiation conditions. This is especially true
before any preparative scale production of randomly modified plasmid was to be
undertaken.

1.5 pg pUC 19 (9 x 1013 moles) was taken up in 25 pl 150 mM NaCl in which 45
pCi 3H HMT (5 x 10-9 moles) were dissolved. This mixture was irradiated with 5
mW/cm?2 389 nm light uéing the apparatus described above. The area of the sample
intersecting the beam was 1/4 cm?2 with a pathlength of 0.2 cm. 5 pl aliquots were
withdrawn from the reaction mixture at 1, 5, le, and 30 minute intervals. The plasmid was
precipitated from the mixture with ethanol to remove most of the unreacted HMT. The
DNA pellet was resuspended in-50 pl water and the total amount of DNA in each aliquot
was determined by UV absorbance. The bound HMT was quantified by counting a
fraction of each aliquot in a scintillation counter. The time course of photoaddition of HMT
to pUC 19 using 389 nm irradiation is shown in figure 2.1. It shows that under light
limiting conditions, photoadditon of HMT at low adduct to base pair ratios is linear in light
dose. The remainder of each of the samples was digested to nucleosides, and analyzed by
reverse phase HPLC.

Adducted DNA was enzymatically digested essentially as described (Kanne ez al.,
1982a; Straub er al., 1981). Samples were treated with DNase II, phosphodiesterase II,
and alkaline phosphatase and analyzed by reverse-phase HPLC as follows: Precipitated
DNA was resuspended in 2 ml of 15 mM NaOAc, pH 5.0. We added 0.1 % NaN3 to
prevent bacterial growth and reaction mixture was adjusted to pH 5.0 with a few microliters
of 50% acetic acid. Approximately 0.5 mg (500-1500 Kunitz units) Type IV DNase II was
added and the reaction was incubated for 24 hr at 37 °C. The solution was neuﬁralized to
pH 7 with ~12 ul 1 M Tris base, 0.4 U Type 1-S phosphodiesterase II was added (the
lyophilized enzyme is resuspended before use to 10-15 p/ml in 15 mM NaOAc, pH 7),
incubation at 37 ©C was continued for 24 hr, a second 0.4 U aliquot of enzyme was

added, and incubation was continued for a further 24 hr. The pH was then adjustcd to 8.1
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with ~ 5 gl 1 M Tris base (and 1 M pH 5 NaOAc if necessary), 20 ui (20-30 U) of Type
VII-S alkaline phosphatase in (NH4)2SOg4 suspension was added, and incubation was
continued for 24 hr at 37 °C. The sample was adjusted to pH 2.9 with 3.-M or 6 M H3PO4
and the solution was allowed to sit at room temperature for 30 min. This ensures that the
pyrone ring of the psoralen adduct is closed; the phenolic lactone is unstable to base after
the 3,4 double bond is saturated by photoreaction. Before analysis by HPLC, the solution
was filtered through 0.45 pm filters (Millipore). HPLC was done using 2 4.6 mm ID
x 25 cm Dynamax 60 A pore size 8 pm Cjg column (Rainin). Mobile phase A was 10
mM H3POy4, pH 2.2 and mobile phase B was MeOH; the gradient was 100 % A from O to
10 min followed by 0 to 100 % B over 70 min, at a flow rate of 1.4 ml/min. Fractions
were collected at 1 minute intervals and assayed for tritium by scintillation counting with
5 ml of Ecolume fluor (ICN) in an LKB 1209 scintillation counter. Charged molecules
elute in the void volume, so the peak at 3-5 min corresponds to any incompletely digested
3H-nucleotides in this solvent system. HMT-DNA diadducts elute between fractions 28
and 33, furan side thymidine adducts elute between fractions 38 and 41 , furan side
cytosine adducts elute between fractions 41 and 44, pyrone side thymidine adducts elute
between fractions 48 and 50 using this system. The position of the adducts in the
chromatogram was bdetermined by comparison with known standards.

The chromatograms of the various digests all gave similar results. A representative
chromatogram is shown in figure 2.2. All of the peaks were identified by comparison with
authentic standards. The peak that elutes at minute 58 was identified as HMT, and
represents just 4.2% of the total counts in the digestion reaction. The vast majority of the

unreacted HMT is removed by ethanol precipitation. Three sequential ethanol precipitations
| remove all unreacted HMT (data not shown). After correction for background, and un-

photobound psoralen, the following distribution of adducts in the plasmid was calculated.
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Monoadducted pUC 19 , %

Diadduct . 0.5
Furan side thymidine adduct  82.6
Furan side cytosine adduct 6.3

Pyrone side thymidine adduct 3.3

An aliquot of this monoadducted pUC 19 was re-precipitated to remove the small
amount of unbound psoralen and irradiated with 500 mW/cm? of 320-380 nm light to drive
the MAf onto XL.. This material was digested to nucleosides and the resulting products
separated by HPL.C as described above. After correction for background, the following

distribution of adducts in the plasmid was calculated.

Crosslinked pUC 19 %
Diadduct 60.9

Furan-side thymidine adduct  20.6
Furan-side cytosine adduct 7.1

Pyrone-side thymidine adduct 8.7

After it was demonstrated that plasmids could be made which contained mostly
furan-side‘ psoralen monoadducts, that the level of photoaddition could be controlled énd
that the monoadducts could be driven onto cross-links, a preparative scale reaction using

_the plasmid pBR 322 was performed.

0.625 mg pBR 322 was taken up in 2.2 ml of 150 mM NaCl, 10 mM tris pH 7.5,
ImM EDTA, and made to 41pg/ml 150 Ci/mole 3H-HMT with 4 pl 3H-HMT stock/ in
DMSO. This was divided into two portions, and each portion was irradiated in a 4 ml

quartz cuvette for two minutes with 389 nm light in the device described above. The sample
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Figure 2.3 HPLC elution profiles of enzyme hydrolyzed pBR 322
DNA monoadducted and cross-linked with Tritiated HMT

5000

4000 -

3000 -

2000

1000

Diadduct

p

o / Thymidine Pyroneside monoadduct

Thymidine Furanside Monoadduct

—t— 389 nm irradiation
~—+ 389 nm + 365 nm irradiation

Cytosine Furanside Monoadduct

fraction

MARLA0 BAJ0Su0 A 00 (AL L B 0L B0 SM NN HMSL AN n 00 S0N8 04 0 80 BB AL A0 an 2

560 65 60 65 70 75 80"



08

DPM

Figure 2.4 HPLC elution profiles of enzyme hydrolyzed pBR 322 DNA with an
average of 40 HMT monoadducts and an average of 8 HMT monoadducts
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was precipitated three times with ethanol. This treatment removes any unbound psoralen
from the DNA. The DNA was dissolved in TE and divided into two portions. The first
was reserved in the dark, and the second was irradiated for ten minutes with 300 mW/cm?
320-380 nm light. An aliquot of the singly and doubly irradiated DNA’s were removed
and assayed for DNA concentration and bound tritium. There were an average of 40 HMT
adducts pér plasmid. Approximately 192 pg monoadducted plasmid and 184 pg
crosslinked plasmid were created in this way. To produce HMT modified pBR 322 with
fewer adducts per plasmid, the initial irradiation time was reduced to 27 seconds. When
assayed for psoralen incorporation as above, an average of 8 HMT adducts were in each
plasmid.

An aliquot of each of these two solutions was digested to nucleosides.and analyzed
by reverse phase HPLC. After correction for background,the following distribution of
adducts in the plasmids was calculated. The chromatograms comparing these digests are

shown in figure 2.3.

Monoadducted pBR 322 %

Diadduct - none
Furan-side thymidine adduct  77.2

Furan-side cytosine adduct 10.5

- Pyrone-side thymidine adduct 2.2

Crosslinked pBR 322 %
Diadduct 58.0
Furan-side thymidineiadduct 220 .
Furan-side cytosine adduct 9.2

Pyrone-side thymidine adduct 4.4

81



The same distribution of adducts was found in both the 40-adduct and 8-adduct
furan-side monoadducted plasmids (Figure 2.4). The average number of psoralen adducts
in the monoadducted and cross-linked plasmids did not change, indicating that there was no
photoreversal of the adducts out of the DNA. Not all of the furan-side monoadducts in
the plasmid were converted to diadducts under the conditions used in the second
irradiation. There are two possible explanations for this failure, either the sample was
exposed to an insufficient dose of crosslinking light, or that many of the adducts are in
non-cross-linkable sites in the plasmid. The slight decrease in the amount of cytosine
furan-side monoadducts seen indicates that some of these adduct$ are also being driven on
to cross-link. The doubling of the amoun£ of pyrone-side adduct in the cross-linked sample
relative to the monoadducted sample is due to in-helix photoisomcrizétion of furan-side
monoadducts lin cross-linkable sites (Tessman er al., 1985). This is in contrast to the
results of Shi & Hearst (Shi and Hearst, 1987b) where no in-helix photoisomerization was
observed for HMT furan-side monoadducted oligomers subject to 334 nm light. This
discrepancy is probably due to the relative sensitivities of the assays used in the two
studies. The conversion .of MAf to MAp under these conditions involves only 2% of the
 furan-side adducts, an amount easily overlooked when analyzing an autoradiogram. The

singly and doubly irradiated plasmids were run on a 0.8% agarose gel in TBE along with
stock pBR 322 and visualized with ethidium staining (data not shown). There was a
significant amount of nicked plasmid in both the monoadducted and crosslinked samples.
This nicking was probably due to formation of singlet oxygen during the irradiation, and
handling of the plasmid through the precipitations. In order for the modified plasmids to be
useful as substrates for repair activity assays, there had to be no nicks in them. The assay
"involves the incorporation of radioactive label into the putative excision patch. Any nicks
in the DNA substrate would act as sites for incorporation of label by the polymerases in the
extracts by either nick translation or strand diﬁplacement synthesis. Covalently closed

circular (CCC) adducted plasmids were purified away from nicked (relaxed) plasmid by a
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ethidium bromide, CsCl gradient. Only psoralen adducted DNA with greater than 95%
superhelical molecules was used in the repair synthesis assay.

Repair Synthesis Assay. This assay which measures the incorporation of a radiolabeled
nucleotide into damaged DNA was performed as previously described (Sibghat-Ullah er
al., 1989) except that fhe concentration of KCI was increased to 75 mM and undamaged
M13RFI was not included as an internal control. Repair synthesis with (A)BC
excinuclease was conducted essentially as described elsewhere (Wood, 1989). Following
repair synthesis DNA was either linearized with EcoRI or digested into several fragments
with Hpall or a combination of BamHI, BstYI, EcoRI, Hincll, Pstl and Pvull and the
fragments were separated on either 1% agarose gel or 5% native polyacrylamide gel. When
indicated, the fragments were excised from the gels, electroeluted and processed further.
When "UV, psoralen monoadducted or psoralen cross-linked I?NA was used in the repair
synthesis assa;' with CFE, we observed a stimulation of radiolabeled nucleotide
incorporation relative to-that observed in unmodified pBR 322. Nonspecific synthesis in
undamaged DNA, which had an average value of 60 * 14 fmol, was subtracted from the
total incorporation in modified DNA to determine the damage-specific incorporation (Table

2.1).
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Table 2.1 Nucleotide Incorporation (fmol dCMP) During Repair Synthesis by Human
and E.coli Systems on DNA Damaged by UV or Psoralen |

Repair System Type Damage/N umber of Adducts Per Plasmid
HelLa CFE UvrABC + Poll
UVv/8 149 + 19 n.d.
UV20 198 + 33 382+ 14
" PsoMA/8 | §3£38 429109
Pso MA/40 134 £ 24 309+ 52
Pso X1./40 298 + 58 95 i 24

The Pso XL substrate contains both monoadducts (17) and crosslinks (23). For the human
system, plasmid pBR322 (200ng) containing the indicated type of damage and number of
adducts was incubated at 30°C for 150-180 mins in S0l repair synthesis buffer containing
2uCi[a-32P}dCTP and the optimal amount of CFE, typically 40ug. For the E. coli system,
200ng randomly damaged pBR322 was incubated at 37°C for 60 mins in 1001 repair
synthesis buffer containing 2iCi[a-32P]dCTP, UvrA (10nM), UvrB (100nM), UvrC
(50nM), DNA polymerase I (20 units) and T4 DNA ligase (2 units). Following repair
synthesis, the DNA was linearized with Eco RI, resolved on 1% agarose gels, located by

~ autoradiography and then cut out of the gel for quantita_u'on of DNA synthesis by liquid
scintillation or Cerenkov counting. Levels of incorporation were determined after
normalizing for DNA recovery and subtracting the nonspecific synthesis into undamaged
pBR322 which was incubated and processed as described for damaged DNA and used as a
control in all experiments. The values given (fmol * s.e.m.) are the averages of 3-9
experiments using HeLa CFE (6 extract preparations) or 2 experiments using the E. coli

system.
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Assays to Detect Removal of Psoralen Adducts. The fraction of DNA labeled by repair
synthesis which no longer contained psoralen was measured. The assay measures the
relative amount of psoralen in DNA restriction fragments radiolabeled as a result of damage
induced DNA synthesis compared to the amount of psoralen in fragments labeled by
- kinasing the total DNA.

For measuring removal of psoralen monoadducts, pBR 322 containing on average
8 HMT monoadducts was subjected to repair synthesis and digested with a mixture of
restriction enzymes and then the fragments Were separated on a 5% polyacrylamide gel. A
total of five fragments ranging in size from 276 bp to 454 bp were excised from the gel,
purified by electroelution, precipitated with ethanol and resuspended in TEN 7.4 buffer.
Aliquots of these labeled fragments were irradiated with 7.5 x 104 J/M2 of 366 nm from 15
W GE Black Light lamp to convert all cross-linkable psoralen monoadduct (70-80%) into
cross-links. To measure the level of psoralen adducts in total DNA, a sample of pBR 322
with 8 monoadducts (as measured scintillation bounting) was digested with the same
mixture of restriction enzymes, kinased, and these same fragments were isolated and
subjected to the above irradiation treatment. The DNA fragments labeled by either damage
induced synthesis or terminally labeled by kinasing Were then denatured by heating at 95°C
for 15 min and allowed to renature at 23°C for 5 min and then separated on 5-8%
polyacrylamide gels. The gels were autoradiographed and the autoradiograms were
scanned by densitometry to estimate the fractions of single-stranded (~ psoralen-free) and
double stranded DNA.

The same methoa was employed to measure the removal of psoralen cross-link
except the irradiation step to convert monoadducts to cross-links was omitted. Again
fragments labeled either as a result of damage induced synthesis or kinasing were subjected
to denaturation-renaturation and then separated on native polyacrylamide gels and the

fractions of single stranded DNA in the two DNAs were compared to find out whether
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DNA labeled by damage induced synthesis contained a greater fraction of single strand

compared to total DNA (labeled by kinasing).

Data Analysis. The rationale of our assay is as follows: -Since only 1-10% of the DNA is

repaired it would be difficult to detect a 1-10% decrease in the numbef of adducts if total

DNA were used in the repair assay. However if one analyzes only those molecules which

have undergone damage-induced DNA synthesis then the background signal from

unrepaired molecules is eliminated. Psoralen chemistry allows one to estimate psoralen

adducts in the repair synthesis radiolabeled subpopulation and therefore determine if DNA

synthesis is associated with loss of the adduct. Psoralen at low doses reacts with

thymidines in 5°-TpA-3’ sequences and these monoadducts can be converted into cross-

links with 70-80% efficiency by irradiation with 366 nm. Thus, following repair synthesis

if one exposes DNA to 366 nm and then looks at the fraction of the labeled DNA which

becomes single stranded upon denaturation by heating at 95°C, only the amount of psoralen

in radiolabeled DNA is measured. By conducting the same type of treatments on terminally

labeled DNA (kinased) the level of psoralen in total DNA can be similarly determined.

From a comparison of these levels it can be determined whether DNA labeled by repair.
synthesis contains lower a frequency of psoralen photoproducts. Since the psoralen

damage is more-or-less randomly distributed, the data must be analyzed using the Poisson

formula. A DNA fragment containing an average (M) of one psoralen adduct per molecule

will have a fraction, P(0), of 37% with no adduct at all and a fraction of 13% with two

adducts and so on. In applying Poisson statistics to this Spéciﬁc problem it is expected that
the P(O) class will not be l»abeled and that the P (> 2) class will remain as duplex even if one
of the psoralens has been removed by repair. The possibility of removal of two adducts
from a plasmid in this low efficiency repair system is considered to be negligible.
Therefqrc only the removal of psoraicn from the P(1) class is assumed to contribute to an
increase in single-stranded DNA [P(O) class]. The P(0) class of total DNA is measured by
analyzing kinased (unrepaired) fragments, and from this value M is calculated knowing that
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the various classes of psoralen adducts are estimated from P(k) = e'™ mK/k! where k =
frequency class. We assumed (1) damage induced DNA synthesis always results in
climination of one adduct, (2) the probability of repairing more than one adduct in a
fragment is zero and (3) the probability of repair synthesis in a fragment is directly
proportional to the number of adducts present in that fragment. With these assumptions
then for a fragment with an average of M psoralen monoadducts, the fraction of single
strand after denaturation is expected to be P(0)=e"™ while the fraction that becomes single
stranded in repaired DNA should be P(1)/[1-P(O)] that is the ratio of P(1) class to the rest
of the classes of adducted fragment as P(O) is assumed not to contribute to labeling and the
labeling info P(>1) does not result in generation of single strand. Thus, for any given M in
total DNA determined experimentally from analysis of kinased fragments, P(1)/[1-P(O)]is
calculated. If damage induced DNA synthesis is not associated with repair the fraction of
ssDNA should be equal to P(0) for both kinased and internally labeled DNA; however, if
all damage induced DNA synthesis is associated with adduct removal then the fraction that
becomes ssDNA in the repair synthesis reaction shoulfd be P(1)/[1-P(O)]. By comparing
the fraction of single stranded DNA in the kinased and "repaired” DNAs we were able to
tell whether the "repaired” DNA was indeed repaired. The analysis for repair of cross-

linked DNA was identical.
RESULTS

" Repair Synthesis with DNA-MA and DNA-XL. Previous work (Sancar and Sancar, 1988;
Wood et al., 1988) has shown that psoralen damaged DNA elicits DNA synthesis by HeLa
CFE. The previous work was conducted with substrate containing mostly MA and an
unknown level of cross-links. We wished to determine the relative efficiencies of the two
forms of adducts as substrates for repair synthesis. We used short wavelength UV-

damaged DNA as our reference substrate since its dose response is well characterized. In
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agreement with earlier reports at modification levels of 8 adducts per molecule UV damaged
or psoralen adducted DNA give comparable repair signals. At higher doses the UV signal
appears to measure linearly up to 20 adduct per molecule while the signal with psofalen
adducted DNA starts td level off. However, when the monoadducts are converted to cross-
links the signal more than doubles. This is in contrast with what is observcd with the E.
coli nucleotide excision repair system. Conv;rsion of monoadducts to cross-links
drastically reduces the repair signal in this system which was reconstituted with purified
UvrA, UviB, UvrC proteins, DNA polymerase I and ligase. The result with the E. coli
system was not unexpected. Even though (A)BC excinuclease incises psoralen
monoadducts and cross-links with near-equal efficiency the cross-link cannot be further

processed by the enzyme and the two nicks generated on the furan-side of the cross-link do

not function as primers for Poll (Cheng et al., 1991; Cheng ez al., 1988a; Sladek ez al.,

- 1989; Van Houten er al., 1986a). Whether the increased repair synthesis observed with

HeLa CFE constitute true repair synthesis will be addressed later.

Removal of Psoralen MA by HeLa CFE. While the results prcsented above as well as.
several previous reports clearly show damage-induced DNA synthesis by HeLa CFE, it has
not been shown unambiguously that this synthesis is the result of filling-in of the single
st.rand gaps generated by nucleotide excision nuclease. To demonstrate that adducts were
removed from DNA we took advantage of a unique property of psoralen photochemistry:
The psoralen furan-side thymine monoadduct can absorb a second ultraviolet photon to
form an interstrand cross-link with an adjacent thymidine on the opposite strand. Psoralens
preferentially react at 5°-TpA-3’ sequences ih DNA. At low adduct to base pair ratios, such
as with these substrates, most of the furan-side monoadducts will be in cross-linkable sites.
Pséralen monoadducts can be converted with 80-90% efficiency to interstrand cross-links
by a second round of irradiation with 366 nm light. Following repair synthesis the
frequency of psoralen adducts remaining in radiolabeled DNA can be determined easily by

measuring the fraction of rapidly renaturable radioactive DNA following heat denaturation-
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rapid renaturation. By comparing this fraction with that obtained with unrepaired DNA (5'-
terminally labeled) a quantitative estimate between label incorporation and adduct removal
can be made.

The fraction of DNA that remains single stranded in DNA labeled by repair
synthesis is higher than the fraction of single stranded DNA in total DNA and thus the
repair-labeled DNA must have fewer psoralen adducts compared to the remainder of DNA.

To establish whether all repair synthesis was associated with adduct removal, five ‘
fragments ranging in size from 276 bp to 454 bp were isolated from pBR322/MA8 which
had been subjected to repair synthesis. If "repair synthesis" was not the result of adduct
removal then the P(0) class (single-stranded fraction) of kinased DNA would be the same
- as the DNA labeled by "repair synthesis”. Since the P(0) c-lass does not contribute to
"repair synthesis" and since repair synthesis in P(>1) class does not contribute to ssDNA
formation, all synthesis associated with adduct removal in the fraction of ssDNA in "repair
DNA" would be P(1)/ZP (> 1)k. The results obtained with these five fragments are
summarized in Table 2.2. Several conclusions can be drawn from the data in this table.
First, the P(0) class of the individual fragments does not decrease uniformly with fragment
size as would have been expected if psoralen adducts were uniformly distributed in
pBR322. As