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ABSTRACT

Several gectroplioretic and ciromailugraphic lschnques, many of which have only been developed racently, provids sensitive meth-
wds Tor the detection and separation of DNA contlaining intersirand erosslinks such as those produced by many cancer chemather-
apzutic drugs and photeactive psoralen derivatives. Most of the methods rely on the faet that the presence of such crosslinks prevent the
compleie denaturation of the twe complimentary DNA strands by heat or alkali. A simple and highly sensitive neutral agarose gel
electrophioresis method is particularly applicable to detailed time-conrse cxperiments of hoth total crosslink formation, and the ““sec-
ond-arn” of the crosslink reaction. hiz methnd separates denatured single-stranded from double-stranded 1IN A which haz reannealed
as & result of an inlersirand crosslink. Polyacrylamide gel-based assavs using denaturing gels are more suited (o the scparation of
smaller vrosslinked DNA fragments und, In particuizr, small oligenuckotides on high-percentage pels. In addition, they provide
methods for the deternunation of the exact base position and sequence selectivily of crosslink formation. Sephadex chrematography
and high-performance liquid chromatography can separate small crosslinked oligenuclectides from nen-crosslinked duplexes, and the
hydroxyapatits column chromatographic separation of single- and double-stranded cellular DNA can be used to quantitate the level of
interstrand erosslinking present in the bulk of the genome. Finally, the analysis of damagc by crosslinking agents. and its repair, at the
level of specific penes can be achicved hy hyhridization with specific probes following membrane transfer from neutral agarose gels nsed
to fructiona e restricted and fully denatvred genomic DNA from drog-ireated cells.
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[LIST OF ABUREVIATIONS

EDTA
HPLC

Ethylenediaminctetraacetic acid
High-performance liquid chromaropra-
phy

Kilo base pair

MNuclear magnetic resonance

Kbp
NMR

I, INTRQLUCTION

Many agents used in the treatment of cancer
are bifunctional and are able to crosslink biolog-
ical macromaolecules [1,2]. DNA is generally be-
lieved to be the most imporlanl cellular target
and in many cases, e.g. the bifunctional alkylat-
ing agenls, the formation of inlerstrand cross-
links may be the most celevant eylotoxic lesion
[2]. Various psoralen derivatives, some of which
have been used 10 tread psoriasis and have been
used in numerous studics as probes to study the
structure of nucleic acids, also bind to DMNA and,
upon ¢xposurce to long-wavelength ultraviolet
light, covalently hind pyrimidine hases to form
monoadducts and interstrand crosslinks  [3].
DN A nterstrand crosslinks are formed by an ini-
tial covalent reaction of drug with one strand of
the DNA to form a monoadduct, which can be
converted to a crosslink by a second reaction,
with the other DNA strand. Mot all monoad-
ducts are converted to crosslinks and the “sec-
ond-arm™ reaction s often slow compared 10 Lhe
initial monoadduct formation.

Several direct and indirect biophysical and bio-
chemical methods exist for Lhe measurcment ol
DMNA interstrand crosslinking. These include ce-
sium chloride |4} and alkaline sucrose | 5] gradient
centrifugation, selective removal of single-strand-
ed DNA by 51 nuclease [3], chemical analysis
[6.7] and the increased fluorescence of ethidium
bromide in double-stranded DNA [8.%]. These
techniques are in many cases insensitive and
time-consuming, may require large amounts of
DNA and drueg, and are gencrally not applicable
o detaled ume-course caperiments. The lech-
nique of alkaline elution developed by Kohn and
co-workers [HL11] has become the mosl impor-

Jo A Hurviey el ol [0 Chramteoge., 088 (1091, 277-248

tant technique for measuring the formation and
repair of genome interstrand crosslinks in cells at
pharmacologically relevant doses.  Recently,
however, several chromatogranhic and. in partic-
ular, electrophoretic techniques have provided
sensitive methods for the detection and separa-
tion of crosslinked products. These methods have
alse provided detailed information not abtain-
able from other techniques, such as the DNA se-
quence selectivity of crosslink formation and the
analysis of crosslink formation and repair in spe-
cific gene sequences in cells.

2. GENERAL PRINCIPLE OF THE METHODS

1The principle on which many electrophoretic
and chromatographic mcthods for the separation
of DNA containing an interstrand crosslink is
based on the fact that such a lesion can prevent
the complete denaturation of the two NDNA
strands. In conscquence, upon appropriate renal-
uration conditions crosslinked DNA strands re-
gain the reversible bikelical property, while non-
crosshinked strands remam permancntly dena-
tured and single-stranded. Denaturation can be
achieved by the addition of alkali. ¢.z. sodivm
hydroxide to pH 12 12.5, and renaturation by
neutralisation with hydrochloric acid. Alterna-
tively denaturation by heat can be vsed followad
by rapid cooling. The temperature required for
complete denaturation will depend on the sice
and compaosition ol the DNA, and the duration
of heating is Important to avoid introducing
sirand breaks into the DINA.

The choice of denaturatien conditions may de-
pend on the particular method emploved, and al-
50 on the crosslinking agent under investigation.
Somg¢ crosslinks may be labile to cxtended heat
treatments necessitating the use ol alkaline dena-
furation. Alternatively in some rare cascs drugs
may induce alkalb-labile sites. The production of
DNA single-strand breaks by a drug, in addition
to mterstrund crosshinks, may also result 1 an
inaccurate estimate of crosslinking in some as-
says. What is clear for all the methoeds to be dis-
cussed is that DNA of the highest quality is es-
sential to produce reliable and accurate racasure-
ments of crosshnking,.
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3. AGAROSE GEL-BASED METHODS

A simple agarose pel clectrophoresis methed
for the determination of DNA interstrand cross-
links based en the principle outlined above has
recently been described {12]. The method is il-
lustrated schematically in Fig. 1. **P-End-la-
helled linear plasmid DNA of appropriate lenpth,
such as the full-length pBR322 DNA {4363 hase
pairs), 15 used. Following complete denatura-
tion-renaturation of the DNA the single strands
are separated from the double-stranded DNAs
which confain an interstrand crosslink, on o neu-
tral agarosc gel. Visualisation of the resulls is by
auntoradiography of the dried gel (Fig. 2) and ac-
curate quantitation can be achicved by densitom-
etry (Fig. 3). The method requires only 10-50 ng
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Fig. 1. Meutral agarose gel method to detect DNA interstrand
crosslinking, Linear DINA end-labelled with **P {# ) is used. In
the control non-denatured sampls (L) the DMA runs as doubls
stranded (DS). In the control denatured sample (7 the DNA
runs ux single-stranded (38). The presence of crosslinks in the
drug-treated sample (3) prevents the DMNA strards from dena-
turing completely which can reanncal und run as double-strand-
ad in the neutral agarose gel,
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of DNA per lane and is particularly applicable to
detailed time-course experiments of hoth total
crosslink (ormation (Figs. 2a and 3) and, lollow-
ing removal of free drug, the “second-arm’® of the
crosslink reaction (Tiig. 3). It is sensitive enough
to follow the formation of crosslinks by slow and
mnefficient crasslinking agents, such as the chemo-
therapeutic agent busulphan [13]. which have not
previously been measured by physical proce-
dures.

Complete denaluration of the plasmid DNA
can be achieved by either alkali or heat, but the
moest reproducible resulls are oblained using heat
in an appropriate strand separation buffer such
as 30% dimethylsulphoxide, 1 mM CEDTA to
prevent reancaling, This requires prior precipita-
tion of the drug-treated IINA and chaoice of the
buffer for the crosslinking reaction is therefore
important. In particolar, the use of buffers con-
taining high salt or phosphate concentrations
should be avoided because of their precipitation
with ethanal and which do not subsequently dis-
salve easily in the strand separation buffer. mak-
ing gel loading difficelt. In strand separation
buffer linear pBR322 DNA can be converted to
> 98% sinple-stranded by heating al 99°C Jor 2
min with no production of single-strand break-
age. In addition no release of moedified purines is
observed under these conditions [12]. This can
oceur [rom alkylated DNA under conditions of
elevated temperature such as boiling [14].

As an alternative to *?P-labelling, non-labelled
DN A can be used, but in this case up to 300 ng of
DMNA per lane is required, since quantitation by
cthidium bromide staining of the gels is much less
accurate. A correction s required in the caleula-
tion of the percent crosslinked DNA due to the
lower efficicncy of staining by cthidium of single-
stranded DNA compared to double-stranded.

A limitation of the technique is that it is inde-
pendent of the number of crosslinks per DNA
molecule, the DNA being maintained as double-
stranded if it contains ¢ither one or many cross-
links. It is therefore important when performing
experiments to measure the lime (o reach maxi-
mum crosslinking thal plateau levels are chosen
below 100% of DNA molecules crosslinked since
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Fig. 2. () Amoradiograph of an agarose gzl showing u tiwe-course of crosslink formation for nzelphalan. ep-Pnd-iabellod IINA (4340
base pairs) was trenred with drug (10w, 37°C) for the times shown, reaction stopped, DNA precipitated, dried, redissolved in strard
separarion bufler urd denasured by heating for 2 min at 90°C and then immediately placed in an ise—waicr bath prior to louding o a
1.6 aparose pel. The gel was run for 16 h at 40V, dried and avtoradiopraphed. Banids correspond W DS and single stranded (38)
[DNA. U is untreated, non-denatured DNA. (b} Autoradiograph of an agurose gel showing photo induced crosslicking by k-me-
thuxypsoralen. DNA was treated for 1 hat the doses shewn (in @ M), and then llumigated with LV where indicates] prior wa PrOCESSINg

as described in {a).

the tate to achieve maximum crosslinking can
only be determined under these conditions.
Other techniques utilising agarose gels have fo-
cused on the ability of interstrand crosslinks 10
alter the mobility of restriction fragments of plas-
mid DNAs. For example, it is reparted that the
¢leetrophoretic mobility of a mixture of Hae T1T
$X 174 DNA [ragments is reduced upon reaction
with 4,5, 8-trimethylpsoralen and UV light in al-
kaline (pH 12.4) agarose gels without prior dena-
turation of the DINA [13]. Somewhat surprising-
ly, however, the shift in mohility lor low ¢oncen-
trutions of the pscralen was much greater than
for high concentrations. The method required

relatively large amounts of DNA per sample duc
Lo detection by ethidium bromide staining, and
the alkaline agarose gels require continuous cir-
culation of the builer.

4, POLYACRYLAMIDE GEL-BASED METHODS

The separalion ol crusslinked DNA fragments
cun also be achieved using denaturing polyacryl-
amide scquencing gels following denaturation of
the DNA. The presence of a high concentration
ol urea and an elevated running temperature dur-
ing electropharesis ensure complete scparation of
the DNA strands. Under these conditions cross-
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Fig. 3. Time-couwrse o total and “second-arm” crosslink reaction
far melphalan, Total crosslink formation (@) was determined by
densitometry from the autoradiegraph in Fig, 2a. The kinetics of
the second-arm reaction () were determinad by stoppug the
reacticn ai the time indicated {arrow) after allowing zpproxi-
mately 10% crosslinking to occur. Following precipitation the
DXNA was resuspended in drug-free buller and incubated for the
times shawn prior to denaturatior and gel scparation.

linked molecules are again retarded in the gel.
The size of DNA fragments used for this assay
dillers {from that employed in the agarose-hased
methods, the polyacrylamide gels being suited to
small fragments and, in particular, to the separa-
tion of small oligonueleotides on high-percentage
(up to 20%) gels, Bands from heavily loaded
samples can be visualised by UV shadowing but
prior end-labeling of the DNA with *2P aflords a
high degree ol sensilivity for the detection of
crosslinked products which often conslilute only
a small percentage of total reaction products,
This assay is less suitable for delailed time-course
experiments than the simpler agarose pel-based
method. bul the use ol synthetic oligonucleotides
of defined sequence makes it a powerlul tech-
nique for ¢xamining the sequence selectivity of
crosslink formation.

4.1. Sequence selectivity of crosslink formation
Using end-labelled duplex oligonucleotides,

each synthesiscd Lo contain only a single poten-
tially crosslinkable site, it is possible to infer the
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relative crosslinking prefersnces of a particular
drug by compuring the fraction of the crosslinked
produets retarded 1 the gel. This has been shown
elegantly for 4,5 R8-trimethylpsoralen crosslink-
ing in a series of synthesized fragments contain-
ing all possible pyrimidine and purine base paic
combinations and revealed that the crosslinking
appeared to be dependent not oniy on the dinu-
cleotide sequence (with preferrad crosslinking at
3'-TA sites), but alzo an the hases flanking the
dinucleotide, and In some cases the long-range
sequence context of the DNA [16]. Similarly this
method also demonstrated the preference for 5'-
GC sequences, and the influence of neighbouring
buses, [or crosslinking by the antitumour agent
mitomycin € [17].

In more complex oligonucleotides which con-
tain several potentially crosslinkable sites it is
possible to obtain several slow-migrating cross-
linked products of differing mohilities dependent
on the position of the crosslink in the duplex [18]
(Fig. 4), with products containing crosstinks to-
wards the middle of the duplex tending to be re-
tarded more in the gels than those in which the
crosslink is near or at the end. The relative hand
intensities rank the order of preference of the
crosslinking sites bul this method alone cannot
give an exact assignment of the base sites in-
volved in the crosslinking. This can, however, be
uchicved using recently developed methods.

One such method 1s oullined schematically in
Fig. 5 and utilises the fact that for agents such as
the nitrogen mustards, which produce alkyla-
tions primarily at the guanine N7 positicn, the
alkylation can be quantitatively converted into a
strand break by treatment with hot piperidine
[19]. Theretore, if duplex oligonucleotides are
used which are end-lakelled only on one strand,
isolation of the crosslinked product followed by
cleavage with piperidine can reveal the exact pua-
nine base involved in the crosslink on the labelled
strand on a second denaturing sequencing gel of
single-hase resolution. I the procedure is then
repeated with the other strand of the oligonucico-
tide labelled, the ather guanine involved in the
interstrand crosslink can ke pinpointad. The pro-
cedure is illustrated for two of the crosslinked



282

top bottom
strand strand

¢ D

Fig. 4. Avtoradiograph of a denuturing 20% pelvacrylamide gel
shawing the crosslinkec products of the reaction of a double-
stranded oligonucleotide 23-mer (sce Fig. 8). singly end-labelled
either an the top or botlom strand, aod reactzd with the crass
linking agent 2,3-diazirdinyl-1.5-%enzaquinane. £ anc 1) @re
contrel and drug-treatad samples. respectively. Phe products in-
dicartzad were cxeised from the gzl for further analysis (see Fig, 93

For turther cxperimental delails see rell 210

products shown in Fig. 4, band 1 being the major
product and band 2 a minor product. Fig. 6
shows the resulting second polyacrylamide se-
quencing gel for these two bands where either Lhe
top or bottom strands are lahelled. Following the
isolation and gquantitalive ¢leavage at guanine-

7 alkylatian sites of the puritied bands with hot
piperidine, the crosslink sites can be assigred to a
5-GAC sequence for the major preduct | and at
a 5'-GC site for the minor product 2. This meth-
od was first utilised by Muillard ei «f. [20] to show
the preferential (and unexpected;} site of prefer-
ential crosslinking by the nitrogen mustard me-

Joa Narviey er al. ! J. Chromaiogr,, 618 ¢ 9031 277283

- + + -
X e TN TN <=
e ] -_
|
HOT PIPERIDIHE ' i
8 |
- . . — (] -‘s::
g _ —
l ENATURIG PAGE¢
[+ [} Xl AL G [
- - ! - .
|
e 3 ’
L
L —
o
L]
L] L

liig. 5. Determination of the sequence seicctivity of crosslink for-
rmarion usitg the piperiding cleavape method, Crasslinked proud-
aeis exeised rom an inidal denaluring polyacrylunide gel such
as Lhatl shown o Fig, 4 using obgonucleotdes smgly end a

Delled §x ) on the 1op ar bottom strand, are subjected ta cleavape
at sites of guanine-N7 alkylation by pipenidine plus heat. Prod-
Jets are separatzd on a second denaturing polyacrylamide gel to
“evea’ thz site of eleavage. XL is the crosslinkcd produeet, C con-
rrol mon-cleaved ehigonueleotide and G o arker guaaiire lane w
allow exact assignmenlt.

chlorethamine to be across three base pairs in a
5-(MC sequence, and has now more recently
heen used o reveal preferential crosslinking siles
for other groups of antitumour alkylating agents
such as the hioreductive azindinylbenzogwmnones
[21]. The conditions emploved should be such
that drug single-hit kinetics are used since cross-
linked products which also contaln monoalkyla-
tions at other guanine-N7 sites make the subse-
quent cleavage patterns diflicult, and sometimes
impossible, to interpret,

The above assay is necessarity limited Lo those
agenls which produce  piperidine/heat  Tabile
crosslinking through guanine-N7 sites. Another
assay developed by Weldner ef of. [22] can bhe
used for non-piperidine cleaved crosslinks. In this
method singly cnd-labelled. singly crosslinked
DINA fragments are again isolated by denaturing
palyacrylamide gel electrophoresis and purilied.
These are then subjected to single-hit random
cleavape using iron(11-TDTA |23] and the [rag-
ments again separated by single nucleotide-reso-
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Lig. 9. Assignment of the sites of crosslinking for the major band
1 and the minor product band 2 excised from the denaturing
polyacrylamide gol shown in Fig 4 Purnified praducts (1 and 2)
were cleuved with hol piperdine and run on a sccond g2l As-
signment of the crosslinking site wus achieved by comparizon
with a4 guanine-speafic lane (1), the numbering of the buse posi-
tions shown by arrows (7 indicates botwom strand), The sequence
of the oligonuclectide is shawn Below the el with the guaiine
positions numbercd. Also shown on the gels is a sample resulting
frem cleavage of the oligorucleotide with Fu—EDT A (fe) show-
mg the pasitien of every base, and a control lane, non drug-
lrealed. but tredted wath piperidine (P). The results indicate the
assighmenl of the crosslinking siles io a ¥-0GAC sequence be
mween bases 4 aud 18 for bund |, amd at a 3-Ci(C site hetween
hases 1) and 137 for band 2, whick ¢ shown diagramatically
helow the gol.

3

lution denaturing polvacrylamide gel electropho-
resis. Under such conditions random cleavage to
the radiolabelled side of the crasslink in the DNA
provides short labelled Tagments diflering in size
by one nucleotide. Cleavage at anv other site, on
either strand, should aftord much longer radiols-
belled fragments. ‘The clectronhoretic separation
of the fragment mixture produces a discontinuity
in the gel diagnostic for the crosslink nucleotide
site on the Jabelled strand, and the procedure can
then he repeated for the other strand. The meth-
od is technically demanding and requires rela-
tively large amounts of highly labelled oliganu-
cleotide. particularly because the iron{1I}-EDTA
cleavage reacrion is often inefficient, Nevertheless
this 15 a useful technique which has reveuled un-
portant mformation on the prefercnual sites of
crosslinking by, e.g., psoralen [22], mitomycin C
[24] and cisplatin [25]. largely contirming data
obtained by other methods.

Other methods employing denaturing poly-
acrylamide scquencing gels for the detection of
sites of DINA interstrand crosslinking rely on the
fact that a crosslink blecks the production of var-
tous enzymes. I'or example, a double-stranded
circular DNA having a single nick at a specific
site was reacted with 4'-hydroxymethyl-4,5-8-tri-
methylpsoralen ptus light and used as a substrate
for pick-translation with Escherichia coli DINA
polymerase I [26]. The termination sites revealed
on the sequencing gel suggested Lhat the enzyme
will usually copy past psoralen monoudducts bul
was blocked by a crosslink. In assays of this type,
however, 1t is dillicull Lo assess the true spectficity
for interstrand crosslinking comparcd with
moneadducts and intrastrand adducts.

5. CHROMATOGRAPHIC METHODS

5.1 [lvdroxvapatite column chramarography
Single- and double-stranded cellular DM A can
be separated using hydroxyapatite (e.g. DNA-
grade Bio-Gel HTDP Irom Bio-Rad Tabs., Hemet
Hempstead, UK). High-molecular-mass I?NA
must be radiolabelled by prior incubation of cells
with |?HJ- or |"*CJthymidine, followed by a chase
period In label-free medium. DNA is extracted
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from drug-treated cells, ourilied by standard pro-
cedures and denatured and renatured by either
the alkali-aeid or heating—cooling treatments. 1f
heating is chosen 100°C is generally required for
complete denaturation of the genomic DNA, but
the time of heating 18 critical. A perind of 3 min
appears adequate and rimes greater than 5 min
are not recommended as this can produce strand
breaks in the DINA [27].

Typically 10 up of DINA are then loaded onto a
I-ml packed volume of hydroxyapalite eqyuili-
brated with phosnhate buifer (0.1 0.5 M), pH 6.8
[5]. Alernatively, the hydroxyapatite can be
pipetted directly into the DNA sample and the
solution loaded into a syringe harrel containing a
pud of pyrex wool [28]. Elution 1s performed us-
ing a linecar sradient of (0.05-0.4 M phosphate
pumped through at 0.5-1 ml min " ! [5,28] Trac-
tions can then be counted directly by scintillation
counting or as trichloroacetic acid insoluble ra-
dicactivity, 'The whole procedure can be success-
fully carried out at room temperature [5], but
eluting the columns at 680°C can improve the re-
covery of DNA which is typically around 90%
[28].

Permanently denatured, single-stranded DMNA
elutes first, followed by tha crosslinked, reversible
renalured DNAL The percentage of DNA that
reversibly renatures in conteol samples is typical-
Iy 5 10% and is related to the average molecular
mass of the DNA sample. When caleulating
crosslink yields it is important to know thc ap-
proximate molecular mass of the DNA because
the sensitivity of the crosslink vield measurement
is pranortional to the size of the DINA molecules.
Extreme care should therefore be taken in the 130-
Iation and denaturation of the DNA to avoid ex-
cessive shearing. The molecular mass can be esti-
mated following the denaturatian—renaturation
step, but before the hydroxvapatile chromatog-
raphy, by sedimentation in nentral or alkaline su-
crose gradients. This is, however, not straight-
forward as the sedimentation profile of dena-
tured crosslinked DINA 1s complex because of the
mixture of crosslinked and permanently dena-
tured strands |29]. The combined method s,
however. relatively sensitive and can delect pso-
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ralem crosslinks at the level of about 1-3 per E.
coli genome 12,5 - 10% relative molecular mass
M), An alternative and less time-consuming up-
proach involves {ragmentation of purified dou-
ble-stranded DNA by vortex-shearing to a unil
length of 1 - 107 A, [5] although the sensitivity of
the method is necessarily lowered.

5.2, Sephadex chromatography

Crosslinked oligonueleotides can be separated
from non-crosslinked duplexes using Sephadex
chromatography. Sephadex G-23  (superfine,
Pharmacia LKB. Uppsala, Sweden) is suitable
for the separation of small eligonucleotides up to
decamers, and Sephadex (i-30 {DNA orade) gel
for decamers and higher oligomers with 0.02 Af
ammonium bicarbonate as eluent [30]. Typically,
columns 36 cm * 5cm 1.D. in size can be loaded
with 10-15 pmol of mononucleatide unirs. The
crosslinked oligonucleotide complex elutes in the
vold volumne before the parent strands.

3.3 High-performance liguid chromatography

Crosshnked ohgonucleobdes can also be sep-
arated  successfully  using  high-performance
lquid chromatlography (HPLCYL For example,
reversed-phase Beckman RPSC, C; Ultrapore
columns {Beckman, Irvine, CA, USA) have been
used 1o separaic mutomyan C crosshinked oligo-
nucleotides using .1 Af triethylammonium ace-
tale buller pH 7 and acclonilrile as clucnt, ¢ither
isocratically or in a lincar concentration gradient
[30] (Fig. 7). When large-scale separalions and
purifications arc required a crude initial separa-
tion using Sephadex chromatography 15 advis-
ablc {see above) to remove maost of the unmod-
ified duplexes and excess drug producis.

Covalently crosslinked base products have
been separated by HPLC {rom DNA treated with
chemotherapeutic alkylating agents and then hy-
drolysed to the individual bases [7.31]. Such anal-
ysis, however, does not distinguish between prod-
ucts formed as a result of nter- or ntrastrand
crosslinks.
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Fig. 7. HPLC of oligonucicoiides crosslinked with mitomycin €
aslig reversed-phase C, Ulrrapore (Beckman) columrs, (a) The
duplex d{TACGTA) runs at 19.2 min in the absence of a cross-
link and at 113 mip wlien vrosslinked hy mitomycin © batween
its twa guanine residues. Giradient, 5.7 13.8% acctonitrilz in 0.1
M tricthvlamine, pIT 7, 1n 36 min; How rate. 1 l/min. (h) Clom-
plementary oligonucleatides d[TALATCGTATAT] €134 min)
and AJATATACGATATA] (14 min), and their crosslinked du
plex {15.8 min). Gradient, 6-18% acctonitrile in 01 47 wriethyl-
wining, pH 7; flow-rate 1.0 mlymin. (Tigure lakern with permis-
ston from: rel. 30).

6. HYBRIDIZATION METHODS FOR THE DETECTION
OFF CROSSLINKS I SPECIFIC GENES

Most of the methods deseribed above can sep-
arate crosslinked DMA molecules and, in some
cases. quantitate and characterise the crosslinks
formed in relatively small fragments of highly pu-
rified DNA. In addivon, the hydroxyapatite
chromalogruphic method can quantitate the ley-
els of interstrand crosslinking present in the bulk
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of the genome in living cells. Similar resuits cun
be achicved very clliciently by alkaline clution,
These latter methods, however, wouid be insensi-
tive to local and limited heterogeneity of hoth
crosslinking damage and its repair at the gene or
sub-gene level in cells. A method has been devel-
oped to detect such crosslinking in specific gene
sequences in cells, This was first described for
psoralen crosslinking by Vos and Hanawalt
[32,33]. The basic principle for the detection of
the crosslinks remains the same as that described
in Sectton 1, and the overall method is outlined in
Fig. 8.

Genomic DNA is isolated and purified from
drug-treated cells and restncted with an appro-
priate restriction enzyme. Following denatura-
i1on (by either alkali or heat) size fractionation of
the DMNA is achicved on a ncutral agacose gel
{0.4 2% depending on the size of the restriction
fragments under analysis). After transler to ni-
trocellinlose or nylon memhranes the specific gene
[ragments are identilied by hybridization with the

LYSE CELLS —_
PURIFY GENCMIC -

— o
@ DA = —
( D = -
- RESTRWCTION - -
ENZYME DICFST

drug 1=gred T
el T
l DENATURE DNA

. e

WELTRAL AGARDSF.__ —
SE. - . -

S AT

3L PACEE. - T~
AUTORADINKITVARH N
- _
e
~—_

Fig. & Meusurcment ol crosshnking in specific genc sequences in
cells wsing @ hybridization method. Genoric DMNA from drug-
treated cells 1s purified and digested wilh ar sppropriata restric-
tian endozuclase. Following complele tenaluration the DNA i
fractionated on a newtral agarose gel, translerred onto nitrocel-
lulose or nylon membranes. and the specifc gene Ttugeenl iden-
litied by hybridization with the appropriate radiolabelied probe.
In control samples (C)} Lhe frapment will appear as double-
stranded (DS5) if the denztw ation slep is omitted (- ) or singla-
stranded (88) following denuturation (4. Tie gene lrugments
eantainang interstrand crossinking in (he drug-treated sample
(D} will rum as davhle-stranded following the denaturation step.
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appropriate radiolabelled probe. Ao cxample
showing crosslinking in a 9-kile base pair (kb)
[ragment of the humin #-ras gene by Lhe nilrogen
mustard mechlorethamine 1s shown i Fig. 9.
Densitometry of the resulting autoradiogram is
then used 1o quantitate the proportion of DNA
fragments containing crosslinks, and the mean
number of crosslinks per {ragment 13 calculated
using a Poisson analysis. A detailed explanation
of the methods of calculation and theoretical
considerations arc given in ref. 33.

The method is gquite sensitive provided the
blotling and hybridization are perforined opti-
mally with little non-specific background. For
psoralen 4 sensitivity m the order of 0.1 crossink
per 30 kb genomic DINA {or vne crosshak per 2 -
10® M) can be obtained [32] which is comparable
1o lhal of many olher procedures used (o quant-
tate crosslinks in bulk DINA. In the case of me-
chlorethamine a low level of crosslinking could
be deteeted in the c-mye oncogene in human Co-

a b C
-+ -+

-~ +

ds

SS

Fig. 9. Detection mechlorethamine-induced imerstrand cross-
hmking in & 9-xb fragment of the human g-ray gene, Genomic
DMNA from human leukacimic K362 cells, cleaved with FeaR1,
was size-fractionated or a nentral gparase el either natuve (—)
or tollowing complete denaturation (+) und then transferred
und hyhridized with a labeled n-ras probe, The control nor-drug
treated samples {a) run as double-stcanded idsy and single-
stranded (ss), respectivey. (B) and (e) ara drug readed with 10

wM and 10 M mechlarethaming, and show the presence of

dose-dependent crosslinking 1y the sroray gene fragnrent as -
dicaled by the doublsstranded LINA in the denatured samples.
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lo2200HS R tumour cells at a dose of drug which
produces approximately 1 lop of cell killing [34].
In order to obtain a reasonable level of crosshink-
ing, however, super-toxic levels of drug are re-
quired.

[Xepair ol intersirand crosslinking al Lhe gene
level can also be followed by this meathod but scv-
eral additional steps are required to obtain an
accurate result. If the level of drug used does nat
inhibit TYNA rephcation ir is necessary to sep-
arate uareplicated (parentaly DNA [rom DNA
that has replicated during the repair period, oth-
erwise this would lead 1o an inaccurale eslimale
of the repair efficiency. This 1s aclueved using cell
cultures in which the DNA has been pre-labelled
with [*H|thvmidine. During the repair period
non-labelled medium is used which contains bro-
modeoxyundine (usually 10 gM) and Huorode-
oxyuridine (I pM) 1o incorporate density labcel
into any newly svnthesised DNA. Separation of
the parental DMNA can then be achicved using ce-
sium chloride density gradient centrifugation pri-
or to the denaturation, gel fractionation and hy-
hridization steps.

7. PERSPECTIVES OF THE TECHXNIQUES IN BIOMED-
ICINE

The chromatographic and, in particular, the
clectraphoreue methods outlined above, many of
which have been developed receatly, are power-
ful technigues [or the separation ol IXNA mole-
cules containing interstrand crosslinks. The neu-
tral aparose gel-based technigque is an clficient
and scnsitive in vitro method for determining the
relative crosslinking  efficiencies of  different
drugs. 1t has boen used Lo re-evaluale the elli-
ciency of crosslink formation of several classes of
existing clinically used agents such us the nitro-
gen mustards | 12], and to produce detailed kinet-
ic data of the total and sceond-arm crosslink re-
action not passible bv other methods. For several
chemolherapeutic nilrogen onslards the relative
efficiency of crosslinking in isoluted DNA deter-
mined by Lhis assay correlated with the extent of
crosslinking in cells determined by alkaline elu-
ton. and with the relative cellular cytotoxicities
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of the drugs [35]. For agents of this type 1 135,
therefore, a useful and relatively simple predic-
uve assay of drug poteney. In addition, it is be-
coming an cxtremely useful method for directly
evaluating novel crosslinking agents with a po-
tential climcal use such as the recently synthe-
sised series of rationally designed DNA minor
groove and sequence-selective linked anthramy-
cin-based agents [36].

The polyacrvlamide gel-based methoads pro-
vide powerful techniques to examine Lhe se-
quence selectivily of crosslink formation in du-
plex oligonucleotides. This provides oflen uncx-
pected molecular information at the nucleotide
level for existing drugs which can give clues to
their mechanism of action. In addition, the anal-
ysis of novel agents can give important clues for
ralional design of sequence-specitic drugs. IFor
¢xample, 1t has recently been demoenstrated that
the bioreductive allkylating agent 2.3-diaxiridi-
nyl-1,4-benzoquinene alters its preferred site of
crosslinking following reductiom from its qui-
none to its hydrequinone form [21], a feature that
is now being incorporated in the design of mors
complex sequence-selective molecules.

With a combination of Sephadex chromatog-
raphy and HPLC it is possible to obtain rela-
tively large quantities of highly purificd duplex
oligonucleotides containing a single crosslink atl a
delined site. This will enable a sophisticated nu-
clear mapnetic tesenance (NMR) and X-ray crys-
Lallogruphic characterization of the crosslinked
molecules, A detatled NMR analysis of & duplex
containing a single mitomycin C crosslink puri-
tied 111 such a way has reeently been reported [37].
Finally, the cellular analysis of damage by cross-
linking drugs, und its repair, at the gene and sub-
gene level utilising the hybodization methodol-
ogy will allow for a2 much more detailed analysis
of the molccular pharmacology of those cross-
linking drugs which play an important role in
cancer chemotherapy, 1t is already clear that me-
chlorethamine-induced DWNA interstrand cross-
links ar¢ producced and processed in a heteroge-
ncous lashion within the genome [34]. Such de-
tailed analyses may give clues to the ditlering sen-
sitivilies of cells Lo such agents. the varying effec-
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tiveness of difflerent crosshinking drugs, and may
ultimately result in the rational design of more
selective agents or protocols for clinical use.
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