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Cross-linking reagents have proven to be powerful tools for 
probing the higher order structure of macromolecules. Bifunc- 
tional protein-protein and protein-nucleic acid cross-linking 
reagents have been used to map protein-protein and protein- 
nucleic acid nearest neighbors in nucleosome and ribosome com- 
p l e x e ~ . ~ , ~  This methodology has not been applied to mapping 
condensed nucleic acid structures such as viruses presumably 
because interhelical nucleic acid-nucleic acid cross-linkers have 
not been available. The design and syntheses of interhelical 
DNA-DNA cross-linkers and the development of the methodology 
to use them may provide a new capability to probe the structure 
of packaged nucleic acid! Useful interhelical cross-linkers should 
be bifunctional, nucleic acid specific, water soluble, chemically 
inert, photoactivated, and efficient. 
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We describe the synthesis and purification of a new light- 

sensitive bifunctional molecule, bis(monoazidomethidium)octa- 
oxahexacosanediamine (BAMO)S (l), which contains all the 
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criteria presumed necessary for an interhelical DNA-DNA 
cross-linker: a photoreactive DNA intercalator, monoazido- 
methidium? and a polyethyleneoxy chain sufficiently long (>25 
A) to span contiguous nucleic acid double helices.' We also 
present evidence that BAMO efficiently cross-links packaged 
nucleic acid in intact bacteriophage X. 

The synthetic sequence is outlined in Scheme I. Diazotization 
of pcarboxymethidium chloride 2 (isopentyl nitrite, 0.2 M aq HCl, 
0 "C) followed by reaction with sodium azide yields the light- 

(1) Camille and Henry Dreyfus Teacher-Scholar, 1978-83. 
(2) For example see: Brimacombe, R.; Stoffler, G.; Whittman, H. G. Ann. 

Rev. Biochem. 1978, 92, 217-249 and references cited therein. 
(3) For example see: (a) Kornberg, R. D. Ann. Rev. Biochem. 1977,46, 
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(3,6,9,12,15,18,21,24-octaoxahexacosanediyl)bis(iminocarbony1-4,1- 
phenylene)]bis(3-amino-8-azido-5-methylphenanthridinium chloride) di- 
hydrate. 
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sensitive monoazido-p-carboxymethidium chloride 3*q9 after 
chromatography on carboxymethyl cellulose (Cellex CM, pH 2.8 
aq HCI eluant).1° Successive treatment of nonaethylene glycol 
(4)" with tosyl chloride (pyridine, 0 "C), potassium phthalimide 
(DMF, 90 "C), and NzH4-Hz0 (ethanol at reflux) affords di- 
amine 5 upon neutralization and workup.12 The reaction of 0.5 
equiv of diamine 5 with the acyl imidazole ester of 3 (MeZSO4, 
25 "C, 24 h) affords the light-sensitive deep red compound bis- 
(monoazidomethidium)octaoxahexacosanediamine (BAMO), 
which can be purified by successive chromatography on silica gel 
(230-400 mesh ASTM, 0.006% methanolic HC1 eluant) and 
amberlite (XAD-2, water and then methanol eluant), respec- 
t i ~ e l y . ~ J ~ J ~  

BAMO (6 X 10" M) is allowed to incubate with intact bac- 
teriophage X (6 X lo4 M in base pairs) for 2 h a t  25 "C in the 

(8) The synthesis, purification, and the reactions of 3 were performed under 
red light illumination. 

(9) The monoazide 3 crystallized from 1 M HC1 as the chloride mono- 
hydrate. Anal. Calcd for C21H18N403C1: C, 59.51; H, 4.28, N, 16.52. 
Found: C, 59.41, H, 4.36, N, 16.46. NMR, IR (KBr, 2118 cm-I), and 
UV-vis (hmx 464 nm, z 5.39 X 103/mol cm)) spectral data were consistent 
with the monoazide structure. The location of the azide functionality in 3 is 
unknown. The monoazide is more likely a mixture of isomers at C-3 and C-8. 
The monoazide at C-8 in 3 is drawn in analogy to the X-ray structure de- 
termination of ethidium monoazide." 

(IO) Cellex CM was obtained from Bio-Rad Laboratories. 
(11) Bomes, B.; Heitz, W.; Kern, W. J .  Chromatogr. 1970, 53, 51-54. 
(1 2) Diamine 5: 3,6,9,12,15,18,21,24-octaoxahexacosane- 1,26 diamine. 

Anal. Calcd for CI8HaN2O8: C, 52.41; H, 9.77; N, 6.79. Found: C, 52.58; 
H, 9.64; N, 6.79. 

(13) Fieser, L. F.; Fieser, M. "Reagents for Organic Synthesis"; Wiley: 
New York, 1967, Vol. 1, p 688. 

(14) The yield of BAMO after chromatography was 40% based on diamine 
5. The NMR, IR (KBr, 2118 cm-'), and UV-vis (A,,, 481 nm, z, 8730/(mol 
cm)) spectral data were consistent with the bis(monoazide) structure. BAMO 
was isolated as the dichloride dihydrate and is most likely a mixture of 
bis(monoazide) isomers at C-3 and (2-8. Anal. Calcd for C60H70N,2012C12: 
C, 58.96; H, 5.77; N, 13.75. Found: C, 58.78; H, 5.92; N, 13.53. 
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Elwe 1. Cross of the 7 200 and 14000 base pair restriction fragments 
from A?* 

dark.” This is irradiated in the visible (>400 nm) for I h.” The 
phage is burst with 1% SDS and treated with I mg/mL proteinase 
K a t  37 OC for 4 h.19 Gel electrophoresis2’ (0.3% agarose) of 
the BAMO/irradiated DNA (48 000 base pairs)” reveals higher 
mobility nucleic acid than the naked uncross-linked DNA. Ex- 
amination of this “high mobility DNA” by electron microscopy 
reveals rosettes. tangled structures that may be the result of 
knotting.”,25 

A protocol that affords structural data easier to interpret is 
shown in Scheme 11. The bacteriophage A (10-4 M in base pairs) 
is successively treated with BAMO ( I O 4  M). > W n m  light, and 
1% SDS with I mg/mL proteinase K. The bacteriophage DNA 
is then purified by chromatography on Sepharose CL-2B:6 dia- 
lyzed into an  appropriate buffer,” treated with the restriction 
enzyme Mst 11?* and spread for electron microscopy (EM).” 
Controls in the absence of cross-linker show 98% linear restriction 
fragments and 2% crossed struCtures?O Bacteriophage A treated 
with BAMO reveal 17% crossed structures?o Using tritiated 
BAMO, we find that 6% of the reagent is covalently bound to 

(15) Bactcriophagc A was p r o d u d  by t h c m l  induction of the lysogen 
w 31 IO ( A d  857S7) and purified by CsCl density gradient centrifugation in 
10 mM Tris HCI (pH 7.5) and 10 mM MgS0,.’6 We thank B. S e d  for 
assistance in the preparation of bacteriophage A. 

(16) Thomas. J .  0. J. Mol. Biol. 1974, 87, 1-9. 
(17) Photolysis was pcrfomed with B d a k  lamp quipped with two 

Watingbowe No. F15T8/CW light bulbs. The light was passed through a 
5-cm 2 9  aqueous sodium n i t r i c  filter 1’ 

(18) &,Iton. P 11.. Kcarno, D K. Nurleir Acids Rsr. 19711.5.48914903. 
f 19) holcinaw K oblained from Rrrhrineer Mannhcim Biochemicals. 
(20j Agarose gels were pured and run on”* horizontal gel apparatus 

similar to that of McDonncll et al.“ with use of a buffer system consisting 
of 40 mM Tris. 5 mM sodium aeclatc. and I mM Na, EDTA adjusted to pH 
7.8 with glacial acetic acid. 

(21) McDonncll, M. W.;Simon, M. N.;Studicr. F. W. J .  Mol. Bid. 1977. 
110, 119-146. 

(22) Fiandt, M.; Hanigman, A,; Rasenvold, E. C.; Srybalski, W. Gene 
1977.2, 289-293. 

(23) DNA samples were spread for electron microsco y with use of the 
formamidc modififation of the Klcinsehmidt technique.lP 

(24) Davk. R. W.; Simon, M. N.. Davidwn, N., Mcrh. Enryml. 21.1971. 
413428. 

(25) Fn exampla of elstran miaaeopy of bacteriophage h DNA see (a) 
ref 16. (b) Chattoraj. D. K.; Inmsn, R. 8.1. Mol. Bid.  1974, 87, 11-22. 

(26) Sepharosc CL-2B was obtained from Pharmacia Fine Chemicals. 
(27) Buffer conditions for the mrymc ML I1 are 6 mM Tris. I50 mM 

NaCI, 6 mM MgCI,, (pH 7.4) with 6 mM 2-mcrcaptocthanol. and 100 
pg/mL bovine serum albumin. 

(28) Restriction endonuelcase Mst I1 was obtained from New England 
Bialabs. Mst I1 cleaves A d  85797 DNA ~t two sites, approximately 26 4W 
and 33600 bp from the left end of the genome, yielding thrcc rcstrictian 
fragments of lengths 26400. bp, 7200. and 14400 bp.” 

(29) Mst I1 cleavage map was obtained from New England Bialahs. 
(30) A DNA species observed in the clcclron mimosmpe was scored as a 

“linear ratriction fragment” when it exhibited only two distinct ends A DNA 
species was scored as a “crossed structure” when 2 N distinct ends (where N 
> I )  were continuously connected. A total of 500 DNA stmctum were 
counted for the BAMO-treated and control samples. 
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the DNA after irradiation?‘ Because total cross-linker per DNA 
base pair is 0.01, an upper limit of 30 BAMO molecules/48000 
base pairs of DNA in bacteriophage A affords the 17% “crossed” 
restriction fragments observed in the electron microscope (Figure 
I). This suggests that BAMO is both an efficient reagent and 
a modest perturbation on the intact system. 

One final piece of methodology will be needed before the as- 
signment of the position of the interhelical crosslink is unique. 
The length of the four arms on a crossed structure can be ex- 
primentally measured from electron micrographs. Our choice 
of restriction enzymes and knowledge of the A DNA restriction 
map, which is well doc~mented,’~,’’ allow identification of which 
final restriction fragments are cross-linked. However, the 
alignment of the crossed fragments remains to be resolved.” 
When this is accomplished, the structural data for interhelical 
nearest neighbors for packaged DNA will be available. Whether 
these ‘interhelical nearest neighbor” maps can be interpreted 
uniquely in light of conventional models for A DNA packaging 
such as ball of yarn,’.’’ coaxial  spool,'^'' chain-folded structure,’ 
or coil of coils’6 remains to be seen and will be reported in due 
course. 
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(31) Tritiated BAMO was synthesized aceording to Scheme I by using 

(32) Diamine 5 was custom labcled by New England Nuclear and redis- 

(33) Szyhalski. E. H.; Szyhalski, W. Gem 1979, 7, 217-270. 
(34) Correct alignment of the crossed restriction fragments q u i r e s  as- 

(35) Richards, K.; Williams. R.; Calendar, R .  1. Mol. Biol. 1973. 78. 

(36) Kilbon. R.; Maestrc. M. F. Nolure (London) 3962. 195.494-495. 

radiolabeled diamine S.” Specific activity is 1.1 Ci/mmol. 

tilled (bulb to bulb. 230 OC at 5 &m) prior to USC. 

signment of the directionality of each fragment (left to right). 
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Epoxidation of propylene and higher olefins is one of the most 
important oxidation reactions in organic chemistry and in the 
chemical industry. With the exception of thallium(IlI)? all other 
oxidants capable of olefin epoxidation are peroxidic in nature.’ 
They are obtained by reduction of molecular oxygen to hydrogen 
peroxide and by oxidation of alkanes to alkyl hydroperoxides or 
aldehydes to peracids. Under ideal conditions, only one oxygen 
atom of moleLular oxygen is incorporated in the product epoxide 
while the other is utilized in the formation of side products. In 
the case of olefin oxidation by thallium(II1) (eq I )  it is the en- 

TU1111 t HzO t RCH=CH2 - TI([) t ZH+ t RCH-CHZ (1) 
,OX 

(I) (a) Part I: TWTO~, B. S.; Diamond, S. E.; Mares. F. J. Am. Chem. 
Soe. 1979, I O I .  27&272. (b) Part 2 Tovrag. 8. S.; Mars ,  F.; Diamond. 
S. E. /bid. 1980. 102. 66164618. (c) Part 3: Tovrog, B. S.; Diamond, S. 
E.; Mares. F.; Szdkiewiez, A. Ibid. 1981. 103, 3522-3526. 

(2) Brill. W. F. U.S. Patent 4021 453. issued Mav 3. 1977 to Halcon , ~. ~~~ ~ , ~~, . ~ ~ 

International, Inc. 
(3) Sheldon, R. A,; Kochi, J. K. “Metal Catalyzed Oxidations of Organic 

Compounds”; Academic eras. New York, 1981; Chapters 3 and 9 and 
references therein. 
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references therein. 

0 1982 American Chemical Society 


