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ABSTRACT: A photoactive nucleotide analogue of dUTP, 5-azido-2’-deoxyuridine 5'-triphosphate (5-N,dUTP),
was synthesized from dUMP in five steps. The key reaction in the synthesis of 5-N;dUTP is the nitration
of dUMP in 98% yield in 5 min at 25 °C using an excess of nitrosonium tetrafluoroborate in anhydrous
dimethylformamide. Reduction of the resulting 5-nitro compound with zinc and 20 mM HCI gave 5-
aminodeoxyuridine monophosphate (5-NH,dUMP). Diazotization of 5-NH,dUMP with HNO, followed
by the addition of NaN, to the acidic diazonium salt solution gave a photoactive nucleotide derivative in
80-90% yield. The monophosphate product was identified as 5-N;dUMP by proton NMR, UV, IR, and
chromatographic analysis as well as by the mode of synthesis and its photosensitivity. After formation of
5-N,dUTP through a chemical coupling of pyrophosphate to 5-N;dUMP, the triphosphate form of the
nucleotide was found to support DNA synthesis by Escherichia coli DNA polymerase I at a rate indis-
tinguishable from that supported by dTTP. When UMP was used as the starting compound, 5-N,;UTP
was formed in an analogous fashion with similar yields and produced a photoactive nucleotide which is a
substrate for E. coli RNA polymerase. To prepare [y-32P]-5-N,dUTP for use as an active-site-directed
photoaffinity labeling reagent, a simple method of preparing vy->?P-labeled pyrimidine nucleotides was
developed. [v-3?P]-5-N,dUTP is an effective photoaffinity labeling reagent for DNA polymerase I and
was found to bind to the active site with a 2-fold higher affinity than dTTP. The photoactivity of 5-N;dUMP
is stable to extremes of pH, and [y-3*P]-5-N;dUTP was an effective photolabeling reagent even in the presence
of 10 mM dithiothreitol. 5-Azidouracil-containing nucleotides have potential applications as active-site-
directed photoaffinity labeling reagents and as tools for generating photoactive DNA and RNA to study
nucleic acid binding proteins.

A variety of photoactive nucleotide analogues using aryl
azides to generate nitrenes upon photolysis have been syn-
thesized and used to study nucleotide binding proteins
(Czarnecki et al., 1979; Bayley & Knowles, 1977; Guillory
& Jeng, 1983). The 8-azidopurine nucleotides in particular
have been used to study enzymes such as the (Na,K)-ATPase
of the erythrocyte membrane (Haley & Hoffman, 1974), the
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Ca-ATPase of the sarcoplasmic reticulum (Briggs et al., 1980),
and the beef heart mitochondrial F;-ATPase (Wagenvoord
et al,, 1980). In addition, the 8-azidopurine nucleotide pho-
toprobes have been used to label and identify amino acids in
the active sites of the regulatory subunits of both type I and
type II cAMP-dependent protein kinase (Bubis & Taylor,
1985; Kerlavage & Taylor, 1980) as well as in Escherichia
coli RecA (Knight & McEntee, 1985). Because of the obvious
importance of polymerases and of nucleic acid binding proteins
in general, we were intrigued with the concept of developing
photoactive nucleic acids to study protein—nucleic acid in-
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teractions. Since the 8-azidopurine nucleotides are not sub-
strates for template-directed polymerases (Woody et al., 1984;
Czarnecki, 1978), we elected to synthesize a photoactive de-
rivative of a pyrimidine nucleotide which could serve as a
substrate for DNA synthesis. We recently reported the
preparation of 5-azidodeoxyuridine triphosphate (5-N;dUTP)!
and its use to synthesize a photoactive /ac operator (Evans et
al., 1986). Cross-linking of lac repressor to this photoactive
lac operator was demonstrated and was found to be totally
dependent on UV illumination. We report here the chemical
synthesis, characterization, and some biological properties of
5-N,dUTP.

In the study of protein-DNA interactions, 5-N,dUTP could
prove to be an effective tool to identify amino acids in the
binding site of DNA binding proteins. It has been suggested
(Pabo & Lewis, 1982; Steitz et al., 1983; Pabo & Sauer, 1984)
and experimental evidence supports the idea that the sequence
specificity of DNA binding proteins like the catabolite gene
activator protein (CAP), cro repressor, lac repressor, and other
DNA binding proteins resides in base—amino acid interactions
in the major groove of right-handed B-type DNA (Takeda et
al., 1983; Ebright et al., 1984; Metzler et al., 1985; Ebright,
1986). Since the 5-N; group on 5-N;dUMP-containing DNA
replaces the 5-methyl group on thymine, which is located in
the major groove (Metzler et al., 1985; Ebright et al., 1984),
the nitrene produced upon photolysis would be in the proper
location to insert into amino acids that are normally very close
to or interact with the 5-methyl group of the thymine base.
The involvement of the 5-methyl group of thymine in forming
specific hydrophobic interactions with DNA binding proteins
has been shown for the thymine at position -5 in the cro
operator (Metzler et al., 1985) as well as the thymines at
positions 6, 7, and 13 in the /ac operator (Caruthers et al.,
1983; Goeddel et al., 1978). In addition, the technique of
photochemical cross-linking to 5-bromouracil-substituted DNA
has shown that 13 of 17 thymines in the Jac operator region
of a 55 bp DNA fragment make contact with bound /ac re-
pressor (Ogata & Gilbert, 1977).

Therefore, the use of 5-N;dUMP-containing DNA should
allow the study of protein-DNA interactions in a direct
manner which probes for extremely close interactions between
amino acids in a DNA binding protein and a specific pho-
toactive base in the binding site. Through the study of such
interactions, the question of how proteins specifically bind to
the DNA may be directly addressed.

MATERIALS AND METHODS

Nonradioactive nucleotides, phosphoglycerate kinase, gly-
ceraldehyde-3-phosphate dehydrogenase, and nucleoside-5'-
diphosphate kinase were purchased from Sigma. Nitrosonium
tetrafluoroborate is a product of Aldrich.

Escherichia coli DNA polymerase I (pol I) and activated
calf thymus DNA were obtained from Pharmacia. Escher-
ichia coli RNA polymerase was a generous gift from Dr.
A.-Young Woody (Colorado State University) and was pu-
rified according to the procedure of Reisbig et al. (1979).

! Abbreviations: 5-N;dUTP, 5-azidodeoxyuridine triphosphate; S-
NO,dUMP, S5-nitrodeoxyuridine monophosphate; 5-NH,dUMP, 5-
aminodeoxyuridine monophosphate; 8-N;ATP, 8-azidoadenosine tri-
phosphate; pol I, E. coli DNA polymerase I; TCA, trichloroacetic acid;
BD-cellulose, benzylated (diethylaminoethyl)cellulose; DMF, dimethyl-
formamide; PEI, poly(ethylenimine); Tris, tris(hydroxymethyl)amino-
methane; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis; bp, base pair(s); TLC, thin-layer chromatography; EDTA,
ethylenediaminetetraacetic acid.
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[y-32P]-8-N;ATP was prepared by the procedure of Czarnecki
et al. (1979) as modified by Potter and Haley (1982). Ra-
dioactive inorganic phosphate (**P) was purchased from ICN.

Proton magnetic resonance spectra were recorded on a Joel
JNM-FX 270 Fourier-transform NMR on the free-acid form
of the nucleotide in D,O. Chemical shifts were measured
relative to 3-(trimethylsilyl)propionic acid as an internal
standard.

Infrared spectra were recorded on an Analect 6260 Four-
ier-transform infrared spectrophotometer equipped with an
MCT detector. Spectra were recorded on the free-acid form
of the nucleotides in anhydrous dimethylformamide, using an
attenuated total reflectance sample cell. The infrared ab-
sorbance of the dimethylformamide solvent was subtracted
electronically to yield the final spectrum of the nucleotide.
Photolyzed samples were irradiated with an UVS-11 Miner-
alight lamp (7000 W /cm?, at 254 nm) from a distance of
2 c¢m for 5 min. Ultraviolet spectra were recorded on a
Beckman Model 25 spectrophotometer.

Thin-layer chromatography was performed by the ascending
method using Eastman-Kodak cellulose plates (13255) with
fluorescent indicator or with PEI-cellulose F plates (5579-7)
from EM. Solvents for TLC were the following: solvent
system A, isobutyric acid-NH,OH-H,0 (66:1:33 v/v); system
B, 0.3 M NH,HCO;; system C, 0.5 M NH,HCO,.

The molar extinction coefficient (¢) of 5-N;dUMP was
determined by measuring the total phosphate content of a
sample of 5-N;dUMP with a known UV absorbance. Phos-
phate release from 5-N,dUMP was accomplished by Mg(N-
0,), oxidation over a Bunsen burner (Ames & Dubin, 1960).
Phosphate determinations were performed after phosphate
release from 5-N,dUMP, by the procedure of Fiske and
Subbarow (1925).

To test the synthesized nucleotide analogues for the presence
of the deoxyribose residue, we employed the use of the Dische
color reaction (Dische, 1944) as modified by Buchanan (1951).

Pyrophosphate coupling to 5-N3dUMP to produce 5-
N3dUTP was done according to the procedure of Michelson
(1964).

The synthesis of [y-32P]-5-N,dUTP requires the use of the
procedure of Glynn and Chappell (1964) to generate 0.05 pmol
of [y-3?P]GTP. When 5 units of an additional enzyme, nu-
cleoside-5’-diphosphate kinase, and 1.0 umol of 5-N,dUTP
were included in the reaction, [y-32P]-5-N,dUTP was gen-
erated over a 30-min period. The [y-32P]-5-N;dUTP produced
was separated from [y->*P]GTP on a benzylated-DEAE (BD)
cellulose column (30 cm X 1.5 cm) with a 400-mL NH,HCO,
gradient from 10 mM to 1.0 M. Under these conditions,
[v-32P]-5-N3;dUTP elutes after 180 mL of the gradient (0.45
M NH,HCO,) followed by [y-**P]GTP at 204 mL (0.51 M
NH,HCO;).

Photolabeling experiments with pol I were performed in
50-uL samples in a buffer consisting of 20 mM Tris-HCI, pH
7.4, and 10 mM MgCl,; 2.5 ug of pol I was added to each
sample, followed by a 15-s incubation at 2 °C and a 1.5-min
photolysis with a UVS-11 mineralight lamp (2000 pW /cm?
at 254 nm) from a distance of 5.5 cm. After photolysis, each
sample was solubilized and subjected to SDS-PAGE as pre-
viously described (Owens & Haley, 1976). To quantitate the
incorporation of 32P, the labeled protein band was excised from
the gel and counted by liquid scintillation counting.

Synthesis of 5-NO,dUMP. A 100-200-umol sample of
5’-dUMP (sodium salt) was converted to the free-acid form
by applying the nucleotide to a 10-mL column of Dowex 50W
resin (H* form) and eluting with water. The free-acid form
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of 5’-dUMP was then evaporated to dryness at 45 °C under
reduced pressure. Several additions and evaporations of an-
hydrous methanol were performed at 45 °C to remove traces
of water. The dried dUMP was redissolved in 5.0 mL of
anhydrous dimethylformamide (DMF) followed by the ad-
dition of 300 mg (2500 umol) of nitrosonium tetrafluoroborate
with rapid stirring under a dry nitrogen atmosphere. After
5 min, the nitration reaction was terminated by the addition
of 1 mL of H,O. The reaction volume was then reduced to
approximately 1 mL by repeated coevaporation with methanol
under reduced pressure at 30 °C. Three milliliters of 1 N HCI
was added and allowed to stir for 15 min. The acid was then
neutralized by the addition of NH,OH followed by evaporation
of excess NH,OH. The neutralized sample was applied to a
Sephadex G-10 column (40 cm X 1.5 cm) equilibrated with
distilled H,O. The first UV-absorbing fraction off the G-10
column was applied to a BD-cellulose column (30 cm X 1.5
cm) and eluted with a 400-mL gradient of NH,HCO, (10
mM-0.3 M). Fractions containing 5-NO,dUMP were iden-
tified by using routine UV spectral analysis. On the basis of
the Ap.; and extinction coefficient of 5-NO,dUMP (Huang
& Torrence, 1977), the yield of 5-NO,dUMP was routinely
95-98%. After NH,HCO, was removed by repeated coeva-
porations with water under reduced pressure, the final product
was resuspended in methanol and stored at =20 °C.

Synthesis of 5-NH,dUMP. 5-NO,dUMP in methanol
(1020 umol) was evaporated to dryness and resuspended in
S mL of 20 mM HCI. This solution was then poured over
approximately 10 g of clean granulated zinc and stirred until
the UV absorbance of a sample indicated a Ap,, of 265 nm,
indicative of 5-NH,dUMP (Luhrmann et al., 1973). At this
point, the nucleotide was separated from the remaining zinc
metal and the zinc washed with 10 mL of 20 mM HCI. The
entire sample, including the 10-mL wash, was then neutralized
with NH,OH, applied to a DEAE-cellulose column (30 cm
X 1.5 cm), and eluted with an NH,HCO, gradient (10 mM-
0.3 M). The final product was desalted and stored in methanol
at —20 °C as above. On the basis of the known A, and
extinction coefficient of S-aminouridine (Roberts & Visser,
1952), the yield of 5-NH,dUMP was generally in the range
of 60-70%.

Synthesis of 5-N,dUMP. 5-N,dUMP was produced by the
addition of NaNj to an acidic solution containing the uniso-
lated diazonium salt of the nucleotide. First, 5.0 mL of 1 N
HCI containing 10 pmol of 5-NH,dUMP was placed to stir
in an ice-water bath for 15 min. Then the diazonium salt was
generated by the addition of 11.0 umol of NaNQO, in 3.0 mL
of H,O. After stirring for 2 min at 0 °C, 1.5 mL of 4 M NaN,
was added with rapid stirring. The reaction was allowed to
stir for 5 min at 0 °C, then removed from the ice water, and
allowed to warm to room temperature for 30 min. The re-
action mixture was then neutralized to a pH of 7.0 with
NH,OH and desalted by gel filtration chromatography on a
Sephadex G-10 column as described above. The first UV-
absorbing fraction off the G-10 column was then applied to
a BD-cellulose column (30 cm X 1.5 cm) and eluted with an
NHHCO, gradient as above. The NH,HCO, was removed
as above followed by application of the sample to a 50-mL
Dowex 50W column to remove residual NH,*. The free-acid
form of the nucleotide was stored in methanol at -20 °C. The
yield of 5-N;dUMP was typically 80-90%, from 35-
NH,dUMP.

RESULTS

There are two generalized methods for the synthesis of aryl
azides (Guillory & Jeng, 1983). One is the nucleophilic

displacement of a bromine, chlorine, or nitro group by azide
ion. The other involves the addition of sodium azide to an
acidic solution containing a diazotized primary aromatic
amine. The first method is routinely used to synthesize the
8-azidoadenosine and 8-azidoguanosine compounds from their
respective 8-bromonucleotides (Czarnecki et al., 1979). When
this method was applied toward the synthesis of 5-azidouridine
from S-nitrouridine derivatives, 2-0xo-8-azapurines were
formed which result from the intramolecular cyclization of the
azido group after attack at C-6 (Blank & Fox, 1968). A
similar result was obtained when 5-bromouridine derivatives
were used (Bradshaw & Hutchinson, 1977). Because of these
difficulties, we elected to synthesize 5-N,dUMP using the
diazotization method. It had previously been shown that
5-aminouridine could be synthesized and easily diazotized in
high yield with nitrous acid (Roberts & Visser, 1952). Since
the previous synthesis of 5-aminouridine required the dis-
placement of the bromine on 5-bromouridine by liquid am-
monia at 50 °C for 5 days, a simpler and more convenient
method applicable to a nucleotide monophosphate starting
material was needed. We felt that a pathway involving a
nitration reaction followed by reduction to the amine would
be a reasonable approach to a simpler synthesis of 5-
NH,dUMP.

The nitration of uridine nucleosides has traditionally been
by procedures involving the use of nitric acid and sulfuric acid
on nucleosides in which the ribose hydroxyls are protected
(Wempen et al., 1960). More recently, Huang and Torrence
(1977) adapted the strong nitrating agent nitronium tetra-
fluoroborate to the nitration of various unprotected pyrimidine
bases with some success. The disadvantages of nitronium
tetrafluoroborate under the conditions employed were that it
caused extensive glycosyl bond rupture on uridine and deox-
yuridine as well as low yields (28-42%) of 5-NO,dUMP and
the formation of a 3/-O-nitration product in 28—-42% yield
when nitrating dUMP,

It has been known for some time that nitration reactions
can also proceed by a pathway in which nitrosation is followed
by oxidation of the resulting nitroso group to a nitro group
(March, 1977). With this approach in mind, we used nitro-
sonium tetrafluoroborate to synthesize 5-NO,dUMP from
dUMP in yields that routinely exceed 95%. On the basis of
the known extinction coefficients for JUMP (1.0 X 104 M™!
cm™) and 5-NO,dUMP (9.0 X 10°* M~! cm™), the conversion
of dUMP to 5-NO,dUMP was nearly quantitative. The ni-
tration product produced by this reaction has the same A,
as that produced by nitronium tetrafluoroborate in both acid
{Amax 302 nm, 1 N HCI) and base (Ap.; 321 nm, pH 12.0).
Only one UV-absorbing compound could be observed after
separation on cellulose (R;0.48) or PEI—ellulose (R, 0.52)
TLC plates using solvent systems A or B, respectively (Table
I). Inall cases, the UV-absorbing compound observed on the
developed TLC plate gave a positive Dische color reaction,
indicating an intact glycosyl bond. Although it appears
possible to produce a 3’-O-nitration product (R, 0.63 on
cellulose, solvent A) with nitrosonium tetrafluoroborate, this
product was completely eliminated by the use of short reaction
times (5 min) followed by treatment in 1 N HCl for 15 min.

When 5-NO,dUMP was reduced with zinc and HCI, the
reduced product had the same A, as 5-NH,UMP produced
previously (Luhrmann et al., 1973) in both acid (A,,; 265 nm,
1 N HCI) and base (A, 290 nm, pH 12.0). TLC analysis
of the reduced product revealed only one UV-absorbing com-
pound on both ceilulose (R 0.44) and PEI—cellulose (R, 0.67)
using solvent systems A and B, respectively (Table I). The
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Table I.: Chromatographic Properties of Pyrimidine Nucleotide
Analogues

R/ values for

cellulose/
nucleotide PEIl/solvent B solvent A PEI/solvent C
dUMP 0.73 0.50
5-NO,dUMP 0.52 0.48
5.NH,dUMP 0.67 0.44
5-N,dUMP 0.55 0.42
dUTP 0.22 0.65
5-N;dUTP 0.29 0.58

“ Ry values were determined by using two of three TLC systems.
Solvent A = isobutyric acid—concentrated NH,OH-H,0 (66:1:33 v/v);
solvent B = 0.3 M NH,HCOj; solvent C = 0.5 M NH,HCO,;. Com-
pounds were observed by using UV illumination on the developed TLC
plates, which include a fluorescent indicator.

[oX-1 4

Absorbance

200 220 240 260 280 300 320 240 360

Wavelength (in nm)

FIGURE 1: UYV spectra of 5-N;dUMP in 20 mM Tris, pH 7.0, before
and after photolysis with a hand-held UVS-11 Mineralight lamp (7000
pW/em? at 254 nm) from a distance of 3 ¢cm for 1 min. ¢ for
5-N,dUMP is 7.6 X 10° M~ cm™ at 288 nm.

yield of 5-NH,dUMP from 5-NO,dUMP was generally in the
range of 60~70%.

To produce 5-N;dUMP, the 5-NH,dUMP product must
first be diazotized with nitrous acid. Since diazo compounds
are unstable above 0 °C, it was necessary to keep the reaction
at or below this temperature and use the diazonium compound
without isolation. When 5-NH,dUMP was diazotized with
nitrous acid and then placed in the presence of NaN,, a
photoactive nucleotide was generated. The photoactive product
was first desalted on a Sephadex G-10 column and purified
by BD-cellulose chromatography to yield a compound with
the UV spectrum seen in Figure 1. From this figure, it is
evident that the compound is very photoactive and produces
an after-photolysis product that lacks the characteristic ab-
sorption spectrum of an aromatic compound. TLC analysis
showed the presence of only one UV-absorbing compound on
cellulose (R;0.42) and PEI-cellulose (R;0.55) using solvent
systems A and B, respectively (Table I). A Dische color
reaction on the developed TLC plate indicated the presence
of deoxyribose at the same point where UV absorbance was
observed.

EVANS AND HALEY
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FIGURE 2: Fourier-transform proton NMR spectra of dUMP (A) and
5-N;dUMP (B) in D,O. Nucleotide concentrations were 26.5 mM
for 5-N3;dUMP and 50 mM for dUMP.
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FIGURE 3: Fourier-transform infrared spectra of dUMP (lower) and
5-N;dUMP (upper) in anhydrous DMF. Nucleotide concentrations
were 26.5 mM for 5-N;dUMP and 23.7 mM for dUMP.

Structural Characterization of 5-N;dUMP. To unambig-
uously show that the photoactive product is substituted on the
C-5 carbon, proton NMR spectra of dUMP and the pho-
toactive product were recorded and are shown in Figure 2.
Figure 2 shows how the NMR spectrum of dUMP changes
after the addition of the photoactive group. Only the chemical
shifts assigned to the H-6 (8.0 ppm), H-5 (6.0 ppm), and H~C,
(6.39 ppm) are shown (Jardetzky & Jardetzky, 1960;
Schweizer et al., 1968). It is apparent in Figure 2 that the
addition of the photoactive group causes a collapse of the H-6
doublet to a singlet and the disappearance of the H-5 doublet.
The resonance of H~C, appears unchanged. These data are
entirely consistent with the photoactive substituent being lo-
cated on the C-5 carbon.

To show that the substituent at C-5 contains double-bonded
nitrogen atoms, we have used Fourier-transform infrared
spectral analysis to look for the presence of the characteristic
absorption band of the azide group near 2100 cm™! (Treinin,
1971). Figure 3 shows the IR spectrum of dUMP and the
photoactive product displaced from one another to illustrate
the characteristic peak at 2117 cm™. This spectrum shows
that the photoactive product contains at least two additional
nitrogen atoms forming a double bond. This suggests the
presence of either the azido group or the diazonium group
produced via diazotization of 5-NH,dUMP.
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BEFORE PHOTOLYSIS

AFTER PHOTOLYSIS
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FIGURE 4: IR spectra of a portion of Figure 3 (for 5-N;dUMP only)
showing the effect of UV light on the azide absorption band at 2117
em™!, The sample was photolyzed for 5 min from 2 cm with the lamp
described in Figure 1.
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FIGURE 6: Structure of 5-N;dUTP.

Table II: Effects of Solvent and Temperature on Stability of

5-N,dUMP

solvent

temp
(°O)

decrease in
5-N,dUMP
concn’/time
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FIGURE 5: UV spectra of 5-NH,dUMP (—) and 5-diazo-dUMP (---)
showing the effect of nitrous acid on 5-NH,dUMP. Spectra were
recorded in 1 N HCIL. ¢ for 5-diazo-dUMP is 1.24 X 10* M~ cm™,

Figure 4 shows that the characteristic IR absorbance peak
is greatly reduced by exposure of the compound to UV light.
This suggests that the group producing the IR absorbance peak
is photoactive. This is also consistent with the photoactive
moiety being an azido or a diazonium group.

Figure 5 shows the change in the UV spectrum of 5-
NH,dUMP which occurs with diazotization of the amino
group. It is apparent in this figure that the diazotized com-
pound differs considerably from 5-NH,dUMP in molar ex-
tinction coefficient. As reported previously, ¢ for 5-diazo-
deoxyuridine is 1.24 X 10* M1 cm™! (Paolini et al., 1963). As
can be seen in Figure 5, the UV spectrum of 5-diazo-dUMP
is quite different from that of the photoactive compound shown
in Figure 1. Since NaN; addition to 5-diazo-dUMP is required
to produce the compound analyzed in Figure 1, we feel this
unambiguously identifies the photoactive base as 5-azidouracil.
Since the triphosphate form is a substrate for pol I (Evans et
al., 1986) and gives a positive Dische color reaction for de-
oxyribose, we feel confident that the photoactive compound

20 mM Tris, pH 7.5
20 mM Tris, pH 7.5
20 mM Tris, pH 7.5, + 10 mM MeSH
H,0 (pH 7.0)

H,0 (pH 7.0)

H,0 (pH 7.0)

H,0 (0.1 N NH,OH)
H,0 (0.1 N HCI)
CH,0OH

CH,0H

DMF

DMF

50

2%/h
10%/h
17.3%/h
2%/h
4%/min
5%/ week
2%/h
2%/h
stable for 1 year
10%/min
stable
stable

4The decrease in 5-N; dUMP concentration was determined by the
drop in absorbance at 288 nm as a percent of the initial absorbance.
Since the decrease in concentration with time is not linear, only the
initial decrease in absorbance was recorded. MeSH = B-mercapto-
ethanol.

is 5-N,dUTP. The structure of 5-N;dUTP is shown in Figure
6 in the normal “anti” configuration.

Stability of 5-N,dUMP. The usefulness of 5-N,dUMP as
a research tool could be severely limited by an inherent in-
stability toward factors such as visible light, heat, or chemical
factors such as extremes of pH. Therefore, several tests were
performed to determine the stability of 5-N;dUMP under
various conditions. Table IT summarizes our findings with
regard to solvent and temperature. It is evident from these
data that 5-N,dUMP is prone to self-destruction, presumably
via intramolecular rearrangement initiated by nitrene pro-
duction (Bayley & Knowles, 1977). The result of heating
5-N3dUMP in aqueous solutions is similar to the result pro-
duced by photolysis as shown in Figure 1. The heat-destroyed
product, like the after-photolysis product, lacks the charac-
teristic UV absorbance of the heterocyclic aromatic ring.
Fortunately, 5-N;dUMP is stable to heat in nonaqueous
solvents such as DMF (Table II) and is only moderately af-
fected by room temperature in aqueous solutions. 5-N;dUMP
is completely stable in anhydrous methanol at —20 °C and has
been stored for periods up to 1 year without significant loss
of absorbance. The slight instability in aqueous solutions
should pose no problems unless experiments are over long
periods of time or done at elevated temperatures.

The photoactivity of 5-N;dUMP is also stable to extremes
of pH. Photolysis in 1 N NaOH or 1 N HCI after 1-h in-
cubations showed no loss in photoactivity over control samples
in distilled water (data not shown). Therefore, extremes of
pH cause no loss in photoactivity within these limits and should
not cause any problems in the design of experiments.

Biological Properties of 5-N;dUTP. To test the biological
properties of 5-N,;dUMP, it was first necessary to synthesize
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FIGURE 7: Nick translation assay showing the incorporation of
(32P]dAMP into activated calf thymus DNA by DNA polymerase
1. The control reaction (O) contained dTTP at 10 uM, while the other
reaction (@) contained 10 uM 5-N;dUTP in place of dTTP. Each
reaction also contained 40 uM dATP, dGTP, and dCTP as well as
2.9 ug of activated calf thymus DNA and 9 uCi of [«->?P]dATP in
a buffer consisting of 20 mM Tris-acetate, pH 7.4, 0.1 mM EDTA,
and 10 mM Mg(OAc),. Each reaction was started by the addition
of 1 unit of DNA polymerase 1. Aliquots (2 uL) were removed from
each 50-uL reaction at various times and spotted on a PEI-cellulose
TLC plate. The dried TLC plate was developed in 0.5 M NH,HCO,
(ascending method) until the solvent front had moved 10 cm above
the origin. Under these conditions, the activated calf thymus DNA
remains within 1 cm of the origin while the [a-3?P]JdATP migrates
at R;0.65. The amount of [??’P]JdAMP incorporated was determined
by counting the TLC plate from the origin to R,0.2 by liquid scin-
tillation counting.

the triphosphate form of the nucleotide. This was accom-
plished via a pyrophosphate coupling procedure (Michelson,
1964) to produce 5-N;dUTP with recoveries in the range of
40%, an overall yield of 21% from dUMP.

Using 5-N;dUTP produced in this manner, we have shown
that it is a substrate for pol I and replaces only dTTP in the
template-directed synthesis of photoactive DNA (Evans et al.,
1986). To determine if the azido group reduces the rate of
incorporation of 5-N,dUTP as compared to dTTP, we have
plotted the incorporation of [**P]dAMP into calf thymus DNA
over time, using either 5-N,;dUTP or dTTP as one substrate.
The results are presented in Figure 7. The data clearly show
that at 10 uM concentration, 5-N;dUTP is just as effective
a substrate as dTTP. Several other concentrations of 5-
N,;dUTP and dTTP were used, both above and below 10 uM,
with the same result (data not shown). Although all the
positive control reactions incorporated approximately 110 pmol
of [*2P]JdAMP in 30 min, negative control reactions lacking
dTTP incorporated less than 1 pmol of [*P]JdAMP in 30 min
(data not shown).

To determine if the corresponding analogue 5-N,UTP is a
substrate for E. coli RNA polymerase, 5-N;UTP was first
made by using the same procedure as that used for 5-N,dUTP.
Table ITI shows the results of the RNA polymerase assay.
Under the conditions employed, 5-N,;UTP is a substrate for
RNA polymerase and was found to substitute for UTP but
not for CTP. In addition, the after-photolysis product pro-
duced from 5-N,UTP is obviously not a substrate for RNA
polymerase or is an extremely poor one.

To synthesize [y-32P]-5-N;dUTP for use as a photoaffinity
labeling reagent, we developed an isotopic exchange procedure
to exchange the vy-phosphate between [v-*’P]GTP and 5-

EVANS AND HALEY

Table III: Incorporation of 5-N,;UMP into RNA by E. coli RNA
Polymerase

cpm X 107 in
incorpora-  pmol of

TCA ted [*P]JAMP

precipi- [*P]- incorpora-
reaction conditions? tate AMP? ted
complete 5.7 5.62 874
-UTP 1.08 1.0 156
~UTP, +5-N,UTP 6.2 6.12 951
—CTP, +5-N,;UTP 1.0 0.92 144
-UTP, +prephotolyzed 1.5 1.42 221

5-N;UTP
no enzyme control 0.08

7Reaction conditions were the following: The complete 50-uL reac-
tion contained 200 uM final concentration of all nucleotides except
ATP, which was 227 uM. Each reaction also included 14.5 ug of ac-
tivated calf thymus DNA, 33 uCi of [a-3?P]JATP (specific activity 25
mCi/umol), and 3.6 ug of E. coli RNA polymerase in a buffer con-
sisting of 5 mM Tris, pH 8.0, 10 mM MgCl,, and 100 mM KCL
Various deletions and additions to the complete reaction mix are indi-
cated by — and +, respectively. All reactions were allowed to proceed
for 30 min; then the RNA was precipitated by the addition of 1 mL of
cold 7% trichloroacetic acid (TCA). The samples were then incubated
on ice for 15 min and filtered through a Whatman GF/A glass fiber
filter. Each filter was washed with 10 mL of cold 7% TCA, dried, and
counted by liquid scintillation counting. °[*?P]JAMP incorporation
calculated by subtracting no enzyme control from total cpm in TCA
precipitate. Each value recorded represents the average of three inde-
pendent experiments.

N,dUTP. The principle of isotopic exchange is a common
procedure used to label organic compounds (Purich & Allison,
1980) and is routinely used to produce [v-*?P]ATP or [v-
32P]GTP using an exchange between the v-phosphate of ATP
or GTP, and carrier-free 3?P, catalyzed by phosphoglycerate
kinase and glyceraldehyde-3-phosphate dehydrogenase (Glynn
& Chappell, 1964). Since pyrimidine nucleotides are not
efficient substrates for these two enzymes, we included an
additional enzyme, nucleoside-5’-diphosphate kinase, which
has very broad substrate specificity at both the diphosphate
and triphosphate nucleotide binding sites (Garces & Cleland,
1969). This allows the following reaction to be initiated when
the additional enzyme is used.

5-N,dUTP + GDP = 5-N,dUDP + GTP

For this exchange process to operate, each of the four nu-
cleotides must be present. Typically, 0.05 umol of GTP and
1 umol of 5-N;dUTP are included in the reaction. GDP is
provided in catalytic amounts from the reaction catalyzed by
phosphoglycerate kinase, which also serves to prevent the
accumulation of large amounts of GDP (Glynn & Chappel,
1964). When this exchange reaction was used, over 90% of
the added 2P was incorporated into GTP and 5-N,dUTP. By
using a ratio of 5-N,dUTP to GTP of 20 or more, most (95%)
of the incorporated 32P will be in [v-3?P]-5-N,dUTP since
[v-3?P]GTP and [y-**P}-5-N,dUTP will be of equal specific
activity. GTP was chosen as one substrate over ATP because
it is much easier to separate from 5-N;dUTP using BD-cel-
lulose chromatography. We have found this method to work
for 5-N,dUTP, 5-N,UTP, UTP, and dUTP with equal success.

To determine the effect of the azido group of 5-N,dUTP
on the affinity of the nucleotide to DNA polymerase I, [v-
32p]-5-N,dUTP was used to photolabel the enzyme in the
presence of increasing dTTP. Figure 8 shows the protection
of [y-3*P]-5-N,dUTP photoincorporation obtained with in-
creasing dTTP. This figure shows that photoinsertion occurs
only in the presence of UV light and that dTTP protects less
than would be expected if dTTP and 5-N;dUTP bind to the
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FIGURE 8: Photolabeling of DNA polymerase I by [y-*2P]-5-N,dUTP
in the presence of an increasing concentration of dTTP. The pho-
tolabeled samples were subjected to SDS-PAGE on an 8% gel and
autoradiography to show the labeled bands corresponding to pol I (see
insert). The amount of *P incorporated in each band was determined
by removing the radioactive band from the dried gel and counting
it by using liquid scintillation counting. Lane 1 = no photolysis control.
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FIGURE 9: Photolabeling of DNA polymerase I with [y-*2P]-5-
N3dUTP or [y-*2P]-8-N3ATP to show the effect of 8-mercaptoethanol
and dithiothreitol on photoincorporation. The presence or absence
of each probe or reagent is indicated by a (+) or (=), respectively.
Each nucleotide probe was present at a concentration of 20 uM. The
specific activity of the [y-*?P]-5-N;dUTP was 5.5 mCi/umol while
the [y-?2P]-8-N,ATP was 6.5 mCi/umol. 8-Mercaptoethanol (M)
and dithiothreitol (D) were present at a concentration of 10 mM. The
photolabeling conditions are described under Materials and Methods.

active site of pol I with equal affinity. When the data from
Figure 8 and the previously established Ky of 5-N;dUTP
binding to DNA polymerase I as 5 uM (Evans et al., 1986)
are used, the K4 of dTTP binding to pol I is 9.5 uM (£1.0)
(Ofengand & Henes, 1969). The dissociation constant for
dTTP is thus 1.9 £ 0.2 times higher than that for 5-N,dUTP
under these conditions. This Kj is in the range observed by
others for dTTP binding to pol I (Abraham & Modak, 1984;
Englund et al., 1969). It is interesting to note that any steric
hindrance the azido group might present to nucleotide binding
is less important than the positive contributions to binding,
possibly made through hydrogen bonding to the azido group.

When [y-*?P]-5-N3dUTP was used to photolabel DNA
polymerase I in the presence of a reducing agent, an interesting
result was obtained. Figure 9, lanes 2 and 3, shows that
[¥-32P]-5-N;dUTP labels DNA polymerase I as well in the
presence of 10 mM mercaptoethanol or 10 mM dithiothreitol
as in the control lane (lane 1) without a reducing agent. In
contrast, when [y-??P]-8-N;ATP was used to label pol I, no
labeling occurred in the presence of either reducing agent.
Since [y-32P]-8-N,ATP labels pol I very well without a re-
ducing agent present (lane 4), this is undoubtedly caused by
the reducing agent either reducing the azido group before

photolysis or scavenging the nitrene produced from photolysis.
Since the photolabeling conditions do not allow enough time
for a significant portion of the azido analogue to be reduced
to the amino compound (Potter & Haley, 1982; Cartwright
et al., 1976), this reduction of photolabeling is probably due
to the nitrene being scavenged by the reducing agent (Ruoho
et al,, 1973). Moreover, these reducing agents decrease
photolabeling of many proteins in whole-cell homogenates and
therefore do not seem to be affected by the orientation of the
azido group on the protein-bound nucleotide (R. K. Evans and
B. E. Haley, unpublished experiments). The scavenging effect
of -mercaptoethanol on [y-*2P]-8-N;ATP photolabeling has
also been observed by King et al. (1982), when photolabeling
rabbit skeletal muscle phosphorylase kinase. We suspect that
for 5-N;dUTP the intramolecular rearrangement believed to
be responsible for loss of the conjugated ring system when
photolyzed (Figure 1) also results in less susceptibility to
nitrene scavenging by reducing agents. Generally, it is un-
desirable to have the photolabeling reagent undergo an in-
tramolecular rearrangement upon photolysis because it reduces
photoinsertion efficiency (Bayley & Knowles, 1977). However,
in the case of 5-N;dUTP, the intramolecular rearrangement
may produce the unexpected benefit of the nitrene being less
susceptible to scavenging from reducing agents used to keep
proteins in the reduced state. Therefore, even though 5-
N;dUTP may have a lower photoinsertion efficiency than
8-N3ATP, the benefit of being able to label proteins in the
presence of high concentrations of reducing agents will increase
its utility as a research tool.

DiscussiON

The synthesis of photoactive pyrimidine nucleotides provides
access to a new class of nucleotide analogues which can serve
as active-site-directed photoaffinity probes or as substrates for
polymerizing enzymes to generate photoactive nucleic acids.
Since these nucleotides are substrates for the template-directed
synthesis of DNA and RNA, photoactive bases can be stra-
tegically positioned to resolve aspects of protein—-nucleic acid
interactions. In addition, the synthetic method provides a
simple high-yielding route toward the synthesis of the nitro,
amino, and diazo nucleotides. Considering the importance of
the 5-substituted pyrimidine nucleotides in studying the in-
hibition of tumor cell growth (Balzarini et al., 1982) and viral
replication (Allaudeen et al., 1981), we believe this will be an
important contribution. Since diazonium groups are easily
replaced by a variety of nucleophiles (March, 1977), easy
access to 5-diazouridine nucleotides may provide a pathway
for the synthesis of other useful 5-substituted uridine nu-
cleotides. Since the conditions employed throughout the
synthesis of 5-N;dUMP are relatively mild, it may also be
possible to synthesize homopolymers of 5-N;dUMP. This
approach could provide single-stranded photoactive DNA of
perfectly defined length to study single-stranded DNA binding
proteins. Some preliminary studies of our own have indicated
that it is also possible to synthesize single-stranded poly(5-
N3;dUMP) using terminal deoxynucleotidyl transferase with
5-N3dUTP as the sole substrate (R. K. Evans and B. E. Haley,
unpublished results).

Photochemical cross-linking is a technique that has been
used with some success to study protein—nucleic acid inter-
actions (Schimmel & Budzik, 1977). While this technique
is potentially very powerful, its usefulness is limited by the low
and comparatively similar photosensitivity of the nucleic acid
bases. With the use of highly photoactive 5-azidouracil bases
in the DNA, this technique may provide the increased effi-
ciency of cross-linking necessary to form apple quantities of
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a protein-DNA cross-linked complex for further study.
Analysis of such complexes could then determine which amino
acids were involved in forming the cross-link and the possibility
of learning how particular amino acids interact with specific
bases in the DNA.
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