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Ribonucleases catalyse the cleavage of RNA. These

enzymes are abundant in living systems, where they

play a variety of roles [1,2]. For example, angiogenin

is a homologue of bovine pancreatic ribonuclease

(RNase A [3,4]; EC 3.1.27.5) that promotes neovascu-

larization. Angiogenin relies on its ability to cleave

RNA for its angiogenic activity [5,6]. An effective inhib-

itor of the ribonucleolytic activity of angiogenin could

diminish its angiogenic activity, which is an effective

means to limit tumor growth [7]. Selective ribonuclease

inhibitors could also be useful tools in studying the

roles of various ribonucleases in vitro and in vivo [8].

Known nucleotide-based inhibitors of ribonucleases

rely on three strategies. Most common are competitive

inhibitors that resemble RNA. Shapiro and cowork-

ers have developed especially potent inhibitors of

RNase A based on two nucleosides linked by a pyro-

phosphoryl group [9–11]. Using a different approach,

Widlanski and coworkers showed that 3¢-(4-(fluoro-
methyl)phenyl phosphate)uridine is a mechanism-based

inactivator of RNase A [12]. Finally, a new strategy

has used an N-hydroxyurea nucleotide to recruit

zinc(II), which then chelates to active-site residues of

microbial ribonucleases [13,14]. Each of these strategies
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2¢-Fluoro-2¢-deoxyuridine 3¢-phosphate (dUFMP) and arabinouridine

3¢-phosphate (araUMP) have non-natural furanose rings. dUFMP and

araUMP were prepared by chemical synthesis and found to have three- to

sevenfold higher affinity than uridine 3¢-phosphate (3¢-UMP) or 2¢-deoxy-
uridine 3¢-phosphate (dUMP) for ribonuclease A (RNase A). These differ-

ences probably arise (in part) from the phosphoryl groups of 3¢-UMP,

dUFMP, and araUMP (pKa ¼ 5.9) being more anionic than that of dUMP

(pKa ¼ 6.3). The three-dimensional structures of the crystalline complexes

of RNase A with dUMP, dUFMP and araUMP were determined at

<1.7 Å resolution by X-ray diffraction analysis. In these three structures,

the uracil nucleobases and phosphoryl groups bind to the enzyme in a

nearly identical position. Unlike 3¢-UMP and dUFMP, dUMP and ara-

UMP bind with their furanose rings in the preferred pucker. In the

RNase AÆaraUMP complex, the 2¢-hydroxyl group is exposed to the sol-

vent. All four 3¢-nucleotides bind more tightly to wild-type RNase A than

to its T45G variant, which lacks the residue that interacts most closely with

the uracil nucleobase. These findings illuminate in atomic detail the inter-

action of RNase A and 3¢-nucleotides, and indicate that non-natural fura-

nose rings can serve as the basis for more potent inhibitors of catalysis by

RNase A.

Abbreviations

araUMP, arabinouridine 3¢-phosphate; dUFMP, 2¢-fluoro-2¢-deoxyuridine 3¢-phosphate; 6-FAM, 6-carboxyfluorescein; RNase A, unglycosylated

bovine pancreatic ribonuclease; PDB, Protein Data Bank; 6-TAMRA, 6-carboxytetramethylaminorhodamine.
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is based on nucleotides containing a ribose or deoxy-

ribose ring. Is that choice optimal?

Here, we report on the inhibition of a ribonuclease

by two 3¢-nucleotides containing non-natural furanose

rings: 2¢-fluoro-2¢-deoxyuridine 3¢-phosphate (dUFMP)

and arabinouridine 3¢-phosphate (araUMP). We des-

cribe efficient syntheses of these non-natural 3¢-nucleo-
tides, determine the pKa value of their phosphoryl

groups, and measure their ability to bind to wild-type

RNase A and a variant (T45G RNase A) that lacks

the residue responsible for nucleobase recognition. We

find that both non-natural 3¢-nucleotides have signi-

ficantly more affinity for wild-type RNase A than

do deoxyuridine 3¢-phosphate (dUMP) and uridine

3¢-phosphate (UMP), two 3¢-nucleotides containing

natural furanose rings. Finally, we determine the struc-

ture of each RNase AÆ3¢-nucleotide complex at high

resolution, thereby revealing the basis for the differen-

tial inhibition.

Results

Syntheses of 3¢-nucleotides

The syntheses of deoxyuridine 3¢-phosphate (dUMP, 5a)

and 2¢-fluoro-2¢-deoxyuridine 3¢-phosphate (dUFMP,

5b) were accomplished starting from unprotected nucleo-

sides by the route shown in Scheme 1. A synthesis for

dUMP had been reported [15], but involves a phos-

phorylating agent that is not available commercially.

dUFMP had also been synthesized, but its synthesis

involves harsh conditions and an involved purification

[16]. The advantages of the route in Scheme 1 include

the mild conditions and high yield of the phosphoryla-

tion step, the use of commercially available reagents,

the facile deprotection of the trityl group, and the high

purity of the final product after debenzylation.

Briefly, 1 was protected at the 5¢-position by treating

it with trityl chloride in dry pyridine at reflux to yield

2 [17]. Subsequent phosphorylation at the 3¢-position
was achieved by reacting 2 with diisopropyl dibenzyl

phosphoramidite in the presence of 4,5-dicyanoimid-

azole followed with oxidation with 3-chloroperoxyben-

zoic acid to yield 3 [18,19]. Deprotection was achieved

in two steps, removing the trityl group first in a mix-

ture of dry trifluoroacetic acid and trifluoroacetic

anhydride, followed by addition of methanol to com-

plete the initial deprotection [20]. The resulting di-

benzyl phosphate 4 was deprotected by hydrogenolysis

using Pd/C as the catalyst to give dUMP (5a) and

dUFMP (5b) in 51 and 47% overall yield, respectively.

Arabinouridine 3¢-monophosphate (araUMP, 10) was

synthesized from uridine by the route shown in

Scheme 2. This is a novel route to araUMP from start-

ing materials that are not only available commercially,

but also inexpensive. Two other routes to araUMP

have been reported. One starts from a 2¢,3¢-epoxyuri-
dine derivative that is not available commercially [21],

and provides a mixture of isomers; the other starts

from cytidine 2¢,3¢-cyclic phosphate [22,23], which is

expensive.

Briefly, uridine was protected at the 5¢-position by

treatment with trityl chloride in pyridine, and

then reacted with thiocarbonyldiimidazole to give

Scheme 1. Synthetic route to dUMP and

dUFMP.
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5¢-trityl-O2,2¢-cyclouridine, 6 [24]. Compound 6 was

then phosphorylated at the 3¢-position to provide 7

[18,19]. The protected arabinouridine monophosphate

8 was generated by treatment of 7 with one equivalent

of aqueous sodium hydroxide in methanol [25], fol-

lowed by two-step deprotection (vide supra) to give

araUMP (10) in 19% overall yield.

Values of pKa

The phosphoryl pKa values of 3¢-UMP, dUMP,

dUFMP, and araUMP were measured by using 31P

NMR spectroscopy, and are listed in Table 1. The pKa

values of 3¢-UMP, araUMP, and dUFMP are within

error of each other, whereas the pKa value of dUMP

is, as expected from a previous report [26], greater

than that of the other three. The differences in pKa

values likely arise from through-bond inductive effects.

No stereoelectronic component is apparent, as the

phosphoryl groups of 3¢-UMP and araUMP have the

same pKa values.

Values of Ki

The values of Ki for the four 3¢-nucleotides were meas-

ured by their ability to inhibit the cleavage of the fluo-

rogenic substrate 6-FAM-dArU(dA)2-TAMRA by

wild-type RNase A and its T45G variant [27], and are

listed in Table 1. All four 3¢-nucleotides were potent

inhibitors of the wild-type enzyme, whereas inhibition

of T45G RNase A was less pronounced—by up to

three orders-of-magnitude. The two non-natural nucleo-

tides, dUFMP and araUMP, were the most potent

inhibitors of wild-type RNase A.

Three-dimensional structures

The three-dimensional structures of the complexes of

RNase A with dUMP, dUFMP and araUMP were

determined at high resolution by using X-ray crystal-

lography (Fig. 1; Table 2). The atomic coordinates

have been deposited in the Protein Data Bank

(PDB; http://www.rcsb.org) with accession codes

1W4P, 1W4Q, and 1W4O, respectively. The structure

of the RNase AÆ3¢-UMP complex (PDB entry 1O0N)

was reported previously at a resolution of 1.5 Å

[28].

The structure of the 3¢-nucleotide bound at the

active site was clear in all three complexes (except

for molecule B in the araUMP complex, due to

severe cracking of those crystals while soaking), as

observed from the electron density maps (Fig. 2).

Protein atoms in structures of the complexes super-

impose well with that of free RNase A (PDB entry

1AFU [29]), with a root mean square deviation near

0.52 Å. The interactions made in the dUMP,

dUFMP, and araUMP complexes are similar

Scheme 2. Synthetic route to araUMP.

Table 1. Values of pKa and Ki for 3¢-nucleotides. Phosphoryl group
pKa values were determined by 31P NMR spectroscopy in 0.10 M

buffer. Ki values were determined in Mes/NaOH buffer, pH 6.0,

containing NaCl (50 mM).

Nucleoside

3¢-phosphate pKa

Ki (lM)

Wild-type

RNase A

T45G

RNase A

3¢-UMP 5.84 ± 0.05 39 ± 2 89 ± 9

dUMP 6.29 ± 0.07 18 ± 3 ‡1700
dUFMP 5.89 ± 0.10 5.5 ± 0.7 181 ± 15

araUMP 5.85 ± 0.06 6 ± 1 ‡1000
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(Table 3), as the nucleotides bind predominantly in

the P1, B1 and P2 subsites of RNase A [30]. Predom-

inant hydrogen bonds were observed between uracil

and Thr45; the 3¢-phosphate with the side chains of

Gln11, His12, Lys41, and His119 and the main chain

of Phe120 at the catalytic site. In all three com-

plexes, the uridine binds in an anti conformation,

and its ribose adopts a C3-exo, C2-endo, and O4-endo

pucker in dUMP, araUMP, and dUFMP, respectively

[31] (Table 4). The difference in conformation of the

ribose moiety can be attributed to the distinct func-

tional groups and stereochemistry at the C2¢ position

(Fig. 3).

Discussion

The results described herein reveal that 3¢-nucleotides
with a non-natural furanose ring can have a greater

affinity for a ribonuclease than do 3¢-nucleotides with a

ribose or deoxyribose ring. The values of Ki for inhibi-

tion of catalysis by RNase A increase in the order:

dUFMP � araUMP<dUMP<3¢-UMP (Table 1). The

relative affinity of araUMP for wild-type RNase A

measured herein is twofold greater than that reported

previously [23]. The pKa of the phosphoryl group contri-

butes to this order, as dianionic 3¢-nucleotides are

known to be more potent inhibitors of RNase A than

monoanionic 3¢-nucleotides [9]. The pKa value of dUMP

is 0.4 units greater than that of the other 3¢-nucleotides
(Table 1). Likewise, the Ki value of dUMP for RNase A

is approximately threefold greater than those of dUFMP

and araUMP.

3¢-UMP has less affinity for RNase A than would

be expected from its pKa alone. Its weaker binding

appears to arise from its 2¢-OH group participating

in more unfavourable interactions with the enzyme

than do the 2¢ groups of the other 3¢-nucleotides.
These unfavourable interactions are probably rein-

forced by the tight interaction between the uracil

base and Thr45 (vide infra), and result in the distor-

tion of its ribose ring. The furanose rings of

unbound 3¢-UMP and dUFMP reside predominantly

in the C3-endo (N) conformation (Fig. 3) [16,32]. Yet

in the RNase Æ3¢-UMP complex, the ribose ring is in

dUMP (5a) araUMP (10)dUFMP (5b)

Fig. 2. Portion of the electron density maps (2Fo–Fc) of dUMP (5a),

dUFMP (5b), and araUMP (10) in the RNase AÆ3¢-nucleotide com-

plexes.

Table 2. Crystallographic statistics.

RNase A complex dUMP araUMP dUFMP

Resolution (Å) 50–1.69 50–1.60 50–1.68

Outermost shell (Å) 1.75–1.69 1.66–1.60 1.74–1.68

Reflections measured 184 596 455 952 239 956

Unique reflections 27 984 30 191 27 669

Rsymm
a 0.093 0.086 0.047

Outermost shell 0.122 0.517 0.086

Completeness

Outermost shell (%) 91.4 (94.2) 89.9 (88.5) 94.8 (87.6)

< I/rI > (outermost shell) 9.83 10.3 5.18

Rcryst
b 0.22 0.23 0.21

Outermost shell 0.21 0.50 0.29

Rfree
c 0.23 0.25 0.24

Outermost shell 0.27 0.54 0.33

Number of solvent molecules 291 203 310

RMS deviation from ideality

In bond lengths (Å) 0.010 0.005 0.004

In angles (�) 1.5 1.2 1.3

Average B factor (Å2) 18.4 27.92 14.95

a Rsymm ¼ ShSi|I(h) – Ii(h)|/ShSiIi(h), where Ii(h) and I(h) are the ith

and the mean measurements of the intensity of reflection h,

respectively.
b Rcryst ¼ Sh|Fo – Fc|/ShFo, where Fo and Fc are the observed and

calculated structure factors amplitudes of reflection h, respectively.
c Rfree is equal to Rcryst for a randomly selected 5% subset of

reflections not used in the refinement [45].

Fig. 1. Schematic representation of RNase A in complex with

3¢-nucleotides. dUMP (5a), dark green; dUFMP (5b), gold; araUMP

(10), blue.
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the C2-endo (S) conformation [28]. Similarly, the

furanose ring of dUFMP in the RNase AÆdUFMP

complex is in the O4-endo conformation. In contrast,

the furanose rings of dUMP and araUMP are not

required to take on an unfavourable pucker upon

binding to RNase A, as both reside in the C2¢-endo

conformation in the complex and free in solution

[33–35]. These two 3¢-nucleotides have hydrogen in

place of the 2¢-OH and -F of 3¢-UMP and dUFMP,

which could minimize steric conflicts with active-site

residues. It is noteworthy that the relative weak

affinity of 3¢-UMP supports the hypothesis that

ground-state destabilization contributes to the cata-

lytic prowess of RNase A [36].

Solvation also appears to affect the affinity of the

3¢-nucleotides for RNase A. The 2¢-OH group of

3¢-UMP must be desolvated upon binding to RNase A

Table 4. Torsion angles of 3¢-nucleotides in the RNase AÆ3¢-nucleo-
tide complexes.

dUMP araUMP dUFMP

Backbone torsion angles

O5¢-C5¢-C4¢-C3¢ (c) 86.3 (+sc) 73.0 (+sc) 62.9 (+sc)

C5¢-C4¢-C3¢-O3¢ (d) 123.4 (+ac) 94.8 (+ac) 66.7 (+sc)

C5¢-C4¢-C3¢-C2¢ )99.7 )145.7 )158.4
C4¢-C3¢-C2¢-O2¢ – 93.0 )134.1

Glycosyl torsion angles

O4¢–C1¢–N1–C2 (v¢) )107.3 (anti) )156.2 (anti) 176.0 (anti)

Pseudorotation angles

C4¢-4¢-C1¢-C2¢ (m0) 2.5 )40.3 )27.9
O4¢-C1¢-C2¢-C3¢ (m1) 23.6 50.9 16.3

C1¢-C2¢-C3¢-C4¢ (m2) )41.8 )39.3 )2.8
C2¢-C3¢-C4¢-O4¢ (m3) 42.7 17.9 )16.0
C3¢-C4¢-O4¢-C1¢ (m4) )28.9 15.2 28.8

Phase 201 144 96

C3¢-exo C2¢-endo O4¢-endo

Phosphoryl torsion angles

C2¢-C3¢-O3¢-P 85.1 89.2 103.5

C4¢-C3¢-O3¢-P (e) )147.4 (–ac) )158.4 (+ap) )121.8 (–ac)

A

B

Fig. 3. (A) S and N conformation of nucleosides. R ¼ H favours the

S conformation; R ¼ OH,F favours the N conformation. (B) Stereo-

diagram of 3¢-nucleotides in the RNase AÆ3¢-nucleotide complexes,

superimposed with respect to their uracil ring. dUMP (5a), dark

green; dUFMP (5b), gold; araUMP (10), blue.

Table 3. Putative hydrogen bonds in the RNase AÆ3¢-nucleotide
complexes.

3¢-Nucleotide Atom RNase A residue Distance (Å)

dUMP O2 Thr45-N 2.82

N3 Thr45-Oc1 2.81

O1P His12-Ne2 2.86

O1P Phe120-N 3.29

O2P Gln11-Ne2 2.87

O3P His119-Nd1 2.56

O3¢ Lys41-Ne 2.92

O4 Water 2.68

O4 Water 3.30

O4¢ Water 3.08

O2P Water 3.22

O3P Water 2.79

araUMP O2 Thr45-N 2.87

N3 Thr45-Oc1 2.70

O3P His12-Ne2 2.69

O3P Phe120-N 2.99

O1P Gln11-Ne2 2.66

O2P His119-Nd1 2.66

O3¢ Lys41-Ne 3.10

O4 Water 2.57

O4 Water 3.33

O2¢ Water 2.84

O4¢ Water 3.06

O1P Water 3.26

O3P Water 3.03

dUFMP O2 Thr45-N 2.61

N3 Thr45-Oc1 2.76

O1P Gln11-Ne2 2.93

O2P His119-Nd1 2.57

O3P His12-Ne2 2.79

O3P Phe120–N 3.09

O3¢ Lys41-Ne 3.45

O4 Water 2.75

O4 Water 2.91

O1P Water 2.78

O2P Water 2.92

O3P Water 2.95
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(Fig. 4). In contrast, the 2¢-H and -F of dUMP and

dUFMP can form only weak hydrogen bonds with

water [37], and the 2¢-OH of araUMP is oriented away

from the active-site residues and need not be desol-

vated upon binding to RNase A (Fig. 4).

All four 3¢-nucleotides bind more weakly to T45G

RNase A than to the wild-type enzyme. This decrease

in affinity underlines the importance of the interaction

between Thr45 and pyrimidine nucleobases in substrate

binding [36,38,39]. Moreover, the relative affinity of the

3¢-nucleotides for T45G RNase A follows a much dif-

ferent trend, with the Ki values increasing in the order:

3¢-UMP < dUFMP << araUMP,dUMP (Table 1).

The affinity of the 3¢-nucleotides for T45G RNase A

appears to be sensitive to the pucker of the furanose

ring: 3¢-UMP and dUFMP, which prefer the C3-endo

conformation [16,32], bind more tightly than do dUMP

and araUMP, which prefer the C2-endo conformation

[33–35]. Without the presence of Thr45 as an anchor, a

3¢-nucleotide can orient its furanose ring and phospho-

ryl group so as to optimize favourable contacts with

active-site residues. For example, 3¢-UMP could form a

hydrogen bond between its 2¢-OH and an active-site

residue in T45G RNase A instead of being subjected to

the steric constraints that impose an unfavourable ring

pucker upon binding to the wild-type enzyme. Such a

hydrogen bond could be the source of the twofold

higher affinity of T45G RNase A for 3¢-UMP than

dUFMP.

Two anchor points appear to dominate the protein–

nucleic acid interactions studied herein. The uracil ring

and phosphoryl group of dUMP, dUFMP, and ara-

UMP bind similarly to wild-type RNase A (Table 1;

Figs 1 and 4), despite large differences in furanose ring

pucker (Fig. 3B). For example, the two most effective

inhibitors of catalysis by wild-type RNase A, dUFMP

and araUMP, prefer different puckers in solution but

have indistinguishable Ki values. The absence of one of

these anchor points in the T45G variant leads to a

much broader range in affinity (Table 1).

New applications have emerged for arabinonucleo-

sides. For example, Dharma and coworkers have

demonstrated that arabinonucleotides are effective

antisense agents [40]. In addition, the antineoplastic

drug fludarabine is an arabinonucleoside, and the

antineoplastic drug clofarabine is a 2¢-fluoro-2¢-deoxy-
arabinonucleoside. We find that araUMP (as well as

dUFMP) binds more tightly to RNase A than do anal-

ogous natural 3¢-nucleotides. Hence, we put forth ara-

UMP (and dUFMP) for consideration in the creation

of new high-affinity ligands for RNase A and its

homologues.

Experimental procedures

General

Reagents obtained from commercial sources were used

without further purification. Wild-type RNase A and its

T45G variant were prepared by procedures reported previ-

ously [38,39,41]. 3¢-UMP was obtained from Sigma Chem-

ical (St. Louis, MO). dUMP (5a) and dUFMP (5b) were

synthesized by the route shown in Scheme 1; araUMP (10)

was synthesized by the route shown in Scheme 2 (vide

infra).

Dry dichloromethane was drawn from a Cycletainer from

Mallinckrodt Baker (Phillipsburg, NJ). TLC was per-

formed using aluminum-backed plates coated with silica gel

Fig. 4. Details of the active–site interactions in the RNase AÆ3¢-nucleotide complexes. Water molecules are represented by small spheres;

hydrogen bonds are indicated by dashed lines.
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containing F254 phosphor and visualized by UV illumin-

ation or staining with I2, p-anisaldehyde or phosphomolyb-

dic acid. NMR spectra were obtained with a Bruker

AC-300 (Rheinstetten, Germany)1,2 or Varian UNITY-500

(Palo Alto, CA)1,2 spectrometer. Mass spectra were obtained

with a Micromass LCT electrospray ionization (ESI) instru-

ment (Milford, MA)3 .

5¢-Trityl-2¢-deoxyuridine (2a)

2¢-Deoxyuridine (1a; 0.492 g, 2.16 mmol) was placed in a

dry, 50-mL round-bottomed flask. Trityl chloride (0.714 g,

2.56 mmol) and pyridine (10 mL) were added, and the reac-

tion mixture was stirred for 48 h at room temperature

under Ar(g). The reaction mixture was concentrated under

reduced pressure, and the residue was dissolved in dichloro-

methane and washed once with 1 m HCl and twice with

water. The organic layer was dried over MgSO4(s), filtered,

and concentrated. The residue was crystallized from ethyl

acetate/hexanes to yield 2a as a white powder (661 mg,

65.0%). 1H NMR (300 MHz, dimethyl sulfoxide-d6) d: 7.80
(d, J ¼ 8.1 Hz, 1H), 7.22–7.41 (m, 15H), 6.29 (t, J ¼
6.3 Hz, 1H), 5.35 (d, J ¼ 8.1 Hz, 1H), 4.54 (dt, J ¼ 6.1,

3.9 Hz, 1H), 4.06 (dd, J ¼ 3.1, 6.8 Hz, 1H), 3.44 (d, J ¼
3.1 Hz, 2H), 2.18–2.49 (ABMX, JAB ¼ 13.7 Hz, JAX ¼
6.3 Hz, JAM ¼ 4.2 Hz, JBX ¼ 6.4 Hz, JBM ¼ 0 Hz, 2H).

5¢-Trityl-2¢-fluoro-2¢-deoxyuridine (2b)

2¢-Fluoro-2¢-deoxyuridine (1b) was synthesized according to

the procedure of Maruyama and coworkers [25]. Nucleoside

1b (3.164 g, 12.85 mmol) was dissolved in dry pyridine

(20 mL), and this solution was concentrated to an oil under

reduced pressure. The resulting oil was dissolved in dry pyr-

idine (50 mL), and trityl chloride (5.485 g, 19.58 mmol) was

added, followed by additional dry pyridine (18 mL). The

reaction mixture was heated to reflux under Ar(g) for 4 h,

and then concentrated under reduced pressure to a yellow

oil. Residual pyridine was removed under reduced pressure

as an azeotrope with toluene. The resulting oil was dis-

solved in dichloromethane and washed once with 1 m HCl,

once with saturated NaHCO3(aq), and once with water.

The organic layer was dried over MgSO4(s), filtered, and

concentrated. The crude product was purified by silica gel

chromatography, eluting with MeOH (2.5–5% v/v) in

CH2Cl2 to yield 2b as a white solid (4.587 g, 73.1%).
1H NMR (300 MHz, CDCl3 + CD3OD) d: 7.95 (d, J ¼
8.4 Hz, 1H), 7.42–7.24 (m, 15H), 6.04 (dd, J ¼ 16.5,

1.2 Hz, 1H), 5.28 (d, J ¼ 8.1 Hz, 1H), 4.98 (ddd, J ¼ 52.2,

4.3, 1.0 Hz, 1H), 4.53 (ddd, J ¼ 22.2, 8.7, 4.2 Hz, 1H), 4.13

(bd, J ¼ 8.4 Hz, 1H), 3.58 (m, 2H). 13C NMR (75.4 MHz,

CDCl3 + CD3OD) d: 163.93, 150.12, 142.91, 139.95,

128.42, 127.73, 127.14, 101.92, 93.58 (d, J ¼ 188.0 Hz),

87.75 (d, J ¼ 34.6 Hz), 87.29, 81.53, 68.01 (d, J ¼
16.7 Hz), 60.93. 19F NMR (282.1 MHz, CDCl3 + CD3OD)

d: )201.44 (ddd, J ¼ 52.2, 22.0, 16.9 Hz). ESI–MS

(M + Na): 511.1651 (observed), 511.1645 (calculated).

5¢-Trityl-2¢-deoxyuridine 3¢-dibenzylphosphate (3a)

Dicyanoimidazole (127 mg, 1.08 mmol) was suspended in

dry dichloromethane (25 mL) in an oven-dried 100-mL

round-bottomed flask containing a stir bar. Diisopro-

pyldibenzylphosphoramidite (220 lL, 0.98 mmol) was added

to the suspension at room temperature, and the mixture

was allowed to stir for 01.25 h. 5¢-Trityl-2¢-deoxyuridine
(175 mg, 0.37 mmol) suspended in dry CH2Cl2 (10 mL)

was added, and the reaction mixture was stirred at room

temperature for an additional 01.25 h. The reaction mix-

ture was then cooled to 0 �C, and solid m-chloroperoxy-

benzoic acid (351 mg) was added in one portion. The

reaction mixture was stirred at 0 �C for 15 min, the ice

bath was removed, and the reaction mixture was stirred at

room temperature for an additional 1 h. The reaction mix-

ture was poured into a separation funnel containing ethyl

acetate and washed three times with Na2S2O5(aq) (10% w/v),

three times with saturated NaHCO3(aq) (75 mL total), twice

with 1 m HCl4 (50 mL total), once with water, and once

with saturated NaCl(aq)5 . The organic layer was then dried

over MgSO4(s), filtered, and concentrated under reduced

pressure. The resulting solid was purified by silica gel chro-

matography, eluting with MeOH (2.5% v/v) in CH2Cl2 to

yield 3a as a white solid (256 mg, 94.7%). 1H NMR

(300 MHz, CDCl3) d: 9.80 (bs, 1H), 7.63 (d, J ¼ 8.4 Hz,

1H), 7.34–7.25 (m, 25H), 6.30 (dd, J ¼ 7.8, 6.3 Hz, 1H),

5.31 (dd, J ¼ 8.4, 1.8 Hz, 1H), 5.09–4.98 (m, 5H), 4.18 (m,

1H), 3.34 (m, 1H), 2.49 (ddd, J ¼ 13.8, 5.7, 2.1 Hz, 1H),

2.24–2.15 (m, 1H). 13C NMR (75.4 MHz, CDCl3)

d: 163.36, 150.22, 142.84, 139.68, 135.27 (d, J ¼ 6.0 Hz),

128.64 (d, J ¼ 2.0 Hz), 128.55 (d, J ¼ 1.8 Hz), 128.51,

128.00 (d, J ¼ 2.6 Hz), 127.38, 87.61, 84.45, 84.32 (d, J ¼
6.0 Hz), 77.57 (d, J ¼ 5.2 Hz), 69.62 (t, J ¼ 5.6 Hz), 62.94,

39.20. 31P NMR (121.4 MHz, CDCl3,
1H decoupled) d:

)1.40. ESI–MS (M + Na): 753.2338 (observed), 753.2342

(calculated).

5¢-Trityl-2¢-fluoro-2¢-deoxyuridine 3¢-dibenzyl-
phosphate (3b)

The preparation of 3b was carried out in a manner similar

to that used for the preparation of 3a. The product was

purified by silica gel chromatography, eluting with MeOH

(2.5–5% v/v) in CH2Cl2 to yield 3b as a white solid (4.623 g,

84.1%). 1H NMR (300 MHz, CDCl3) d: 9.71 (s, 1H), 7.77

(d, J ¼ 8.1 Hz, 1H), 7.38–7.21 (m, 25H), 6.07 (d, J ¼
16.2 Hz, 1H), 5.25 (d, J ¼ 8.4 Hz, 1H), 5.20–4.87 (m, 6H),

4.23 (bd, J ¼ 7.2 Hz, 1H), 3.54 (m, 2H). 13C NMR

(75.4 MHz, CDCl3) d: 163.11, 149.85, 142.76, 139.52, 135.14
(dd, J ¼ 6.8, 6.6 Hz), 128.64, 128.53, 128.01, 127.85, 127.45,

102.57, 91.44 (d, J ¼ 193.6 Hz), 87.80 (d, J ¼ 33.6 Hz),
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87.75, 80.42 (d, J ¼ 8.7 Hz), 71.96 (dd, J ¼ 16.1,

4.4 Hz), 69.86 (dd, J ¼ 7.0, 6.5 Hz), 60.61. 19F NMR

(282.1 Hz, CDCl3) d: )200.03 (ddd, J ¼ 52.2, 16.5,

14.2 Hz). 31P NMR (121.4 MHz, CDCl3,
1H decoupled)

d: )1.50. ESI–MS (M + Na): 771.2230 (observed),

771.2248 (calculated).

2¢-Deoxyuridine 3¢-dibenzylphosphate (4a)

Compound 3a (270 mg, 0.36 mmol) was dissolved in dry

CH2Cl2 (5 mL) under Ar(g), and a solution of trifluoroace-

tic acid (139 lL, 1.8 mmol) and trifluoroacetic anhydride

(255 lL, 1.8 mmol) in dry CH2Cl2 (0.6 mL) was added by

syringe at room temperature. The reaction mixture, which

turned bright yellow, was stirred at room temperature for

10 min, cooled to 0 �C, and then stirred for an addi-

tional 10 min. Upon addition of triethylamine (250 lL,
1.79 mmol), the bright yellow colour disappeared. After

5 min, MeOH (10 mL) was added, the reaction mixture

was stirred for an additional 5 min, and then concentrated

under reduced pressure. The residue was dissolved in

CH2Cl2, and washed once with 1 m NaCl. The organic

layer was dried over MgSO4(s), filtered, and concentrated

under reduced pressure. The resulting product was purified

by silica gel chromatography, eluting with MeOH (5% v/v)

in CH2Cl2 to yield 4a as a white solid (151 mg, 82.6%). 1H

NMR (300 MHz, CDCl3) d: 8.48 (bs, 1H), 7.61 (d, J ¼ 7.8,

1H), 7.38–7.34 (m, 10H), 6.08 (dd, J ¼ 7.5, 6.0 Hz, 1H),

5.72 (dd, J ¼ 8.1, 2.1 Hz, 1H), 5.12–5.02 (m, 4H), 4.99–

4.92 (m, 1H), 4.06 (m, 1H), 3.81–3.67 (m, 2H), 2.67

(bt, 1H), 2.40–2.21 (m, 2H). 13C NMR (75.4 MHz, CDCl3)

d: 163.73, 150.38, 140.70, 135.17 (d, J ¼ 6.7 Hz), 128.76,

128.61, 128.02, 102.54, 85.75, 77.93, 69.78 (dd, J ¼ 3.2,

5.7 Hz), 61.64, 38.72. 31P NMR (121.4 MHz, CDCl3,
1H

decoupled) d: )1.38. ESI–MS (M + Na): 511.1241

(observed), 511.1246 (calculated).

2¢-Fluoro-2¢-deoxyuridine 3¢-dibenzylphosphate
(4b)

The preparation of 4b was carried out in a similar manner

to that used for the preparation of 4a. The crude product

was purified by silica gel chromatography, eluting with

MeOH (2.5–5% v/v) in CH2Cl2 to yield 4b as a white solid

(1.601 g, 78.6%). 1H NMR (300 MHz, CDCl3 + CD3OD)

d: 7.88 (d, J ¼ 8.1 Hz, 1H), 7.38–7.32 (m, 10H), 6.01 (dd,

J ¼ 2.7, 15.3 Hz, 1H), 5.73 (d, J ¼ 8.4 Hz, 1H), 5.13–4.85

(m, 6H), 4.14 (m, 1H), 3.78 (m, 2H). 13C NMR (75.4 MHz,

CDCl3 + CD3OD) d: 163.86, 150.19, 140.31, 134.82 (dd,

J ¼ 6.5, 5.8 Hz), 128.69, 128.46, 127.89 (d, J ¼ 5.7 Hz),

102.41, 90.94 (d, J ¼ 195.1 Hz), 87.62 (d, J ¼ 33.8 Hz),

82.40 (d, J ¼ 6.3 Hz), 72.43 (dd, J ¼ 14.7, 4.4 Hz), 70.02

(d, J ¼ 5.8 Hz), 59.21. 19F NMR (282.13 MHz,

CDCl3 + CD3OD) d: )202.10 (ddd, J ¼ 52.2, 16.5, 14.0).
31P NMR (121.4 MHz, CDCl3 + CD3OD, 1H decoupled)

d: )1.55. ESI–MS (M + Na): 529.1171 (observed),

529.1152 (calculated).

2¢-Deoxyuridine 3¢-phosphate (dUMP, 5a)

2¢-Deoxyuridine 3¢-dibenzylphosphate (177 mg, 0.36 mmol)

was placed in a 100-mL round-bottomed flask, which was

then flushed with Ar(g) for 5 min. Palladium on carbon

(16 mg) was added, and the flask was flushed again with

Ar(g) for 5 min. A 4 : 1 solution of MeOH and

NH4HCO3(aq) (1% w/v) was added slowly. H2(g) was intro-

duced via a balloon. The reaction mixture was stirred under

H2(g) for 4 h, and then filtered through a Celite plug, con-

centrated under reduced pressure to dryness, and placed

under vacuum overnight to yield 5a as a colourless solid

(133 mg, 100%). 1H NMR (300 MHz, D2O) d: 7.86 (d, J ¼
8.1 Hz, 1H), 6.29 (t, J ¼ 6.7 Hz, 1H), 5.87 (d, J ¼ 8.4 Hz,

1H), 4.71 (septet, J ¼ 3.6 Hz, 1H), 4.17 (m, 1H), 3.87–3.74

(m, 2H), 2.59–2.33 (m, 2H). 13C NMR (75.4 MHz, D2O) d
167.12, 152.53, 143.05, 103.29, 88.10 (d, J ¼ 5.7 Hz), 86.56.

75.83 (d, J ¼ 4.0 Hz), 62.25, 39.08. 31P NMR (121.4 MHz,

D2O, 1H decoupled) d: )0.13. ESI–MS (M–H): 307.0342

(observed), 307.0331 (calculated).

2¢-Fluoro-2¢-deoxyuridine 3¢-phosphate
(dUFMP, 5b)

The preparation of 5b was performed in a manner similar

to that for the preparation of 5a, to yield 5b as a colourless

solid. (1.010 g, 95.7%). 1H NMR (300 MHz, D2O) d: 7.66
(d, J ¼ 8.1 Hz, 1H), 5.79 (d, J ¼ 18.9 Hz, 1H), 5.64

(d, J ¼ 8.1 Hz, 1H), 5.04 (dd, J ¼ 52.2, 4.3 Hz, 1H), 4.34

(dtd, J ¼ 22.5, 9.0, 4.2 Hz, 1H), 3.94 (m, 1H), 3.71

(m, 2H). 13C NMR (75.4 MHz, D2O) d: 167.14, 152.15,

143.68, 103.17, 92.78 (d, J ¼ 190.3 Hz), 90.71 (d, J ¼
35.5 Hz), 83.21 (d, J ¼ 7.8 Hz), 71.82 (d, J ¼ 14.8 Hz),

60.64. 19F NMR (282.13 MHz, D2O) d: )199.02 (ddd, J ¼
52.2, 19.3, 17.4 Hz). 31P NMR (121.4 MHz, D2O, 1H

decoupled) d: )0.37. ESI–MS (M–H): 325.0221 (observed),

325.0237 (calculated).

5¢-Trityluridine

Uridine (5.040 g, 20.6 mmol) and freshly distilled pyridine

(45 mL) were combined in a dry 200-mL round-bottomed

flask, and cooled to 0 �C under Ar(g). Trityl chloride

(5.770 g, 20.7 mmol) in pyridine (25 mL) was added via

syringe. The reaction mixture was allowed to warm to room

temperature and stirred for 4 days. Ethyl acetate was added

to the reaction mixture, which was then transferred to a

separation funnel. The organic layer was washed twice with

2 m HCl, once with saturated NaHCO3(aq), and then once

with saturated NaCl(aq)6 . The organic layer was dried over

MgSO4(s), filtered, and concentrated under reduced pressure.
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The resulting residue was crystallized from EtOAc/hexanes

to yield 5¢-trityluridine as a white solid (6.076 g, 61% yield.)
1H NMR (300 MHz, CD3OD + CDCl3) d: 7.97 (d, J ¼
8.1 Hz, 1H), 7.23–7.45 (m, 15H), 5.89 (d, J ¼ 3.3 Hz, 1H),

5.26 (d, J ¼ 8.1 Hz, 1H), 4.42 (dd, J ¼ 6.1, 5.2 Hz, 1H),

4.24 (dd, J ¼ 5.0, 3.3 Hz, 1H), 4.13 (dt, J ¼ 5.9, 2.8 Hz,

1H), 3.49 (ABX, JAB ¼ 11.0 Hz, JAX ¼ 3.0 Hz, JBX ¼
2.5 Hz, 2H). 13C NMR (75.4 MHz, DMSO) d: 163.04,

150.50, 143.42, 140.62, 128.31, 128.02, 127.20, 101.48,

88.95, 86.42, 82.34, 73.40, 69.53, 63.25. ESI–MS

(M + Na): 509.1677 (observed), 509.1689 (calculated).

5¢-Trityl-O2,2¢-cyclouridine (6)

5¢-Trityluridine (10.692 g, 22.1 mmol) and 1,1¢-thiocar-
bonyldiimidazole (5.087 g, 28.5 mmol) were combined in a

250-mL round-bottomed flask. Toluene (120 mL) was

added, and the reaction mixture was heated to reflux for

1 h. The reaction mixture was then allowed to cool to room

temperature. The tan solid product was removed by filtra-

tion, washed with MeOH, and recrystallized from MeOH

to yield 6 as an off-white solid (9.247 g, 89.7%). 1H NMR

(300 MHz, DMSO-d6) d: 7.94 (d, J ¼ 7.4 Hz, 1H),

7.19–7.32 (m, 15H), 6.33 (d, J ¼ 5.5 Hz, 1H), 5.99 (d, J ¼
4.6 Hz, 1H), 5.86 (d, J ¼ 7.5 Hz, 1H), 5.21 (d, J ¼
6.4 Hz,1H), 4.24 (m, 1H), 4.06 (m, 1H), 2.89 (m, 2H). 13C

NMR (75.4 MHz, DMSO) d: 170.88, 159.25, 143.30,

136.66, 128.02, 127.94, 127.08, 108.88, 89.70, 88.44, 86.64,

85.96, 74.73, 63.01. ESI–MS (M + Na): 491.1578

(observed), 491.1583 (calculated).

5¢-Trityl-O2,2¢-cyclouridine 3¢-dibenzylphosphate (7)

The preparation of 7 was carried out in a manner similar

to that used for the preparation of 3a. The product was

purified by silica gel chromatography, eluting with MeOH

(5% v/v) in CH2Cl2 to yield 7 as a white solid (3.417 g,

72.7%). 1H NMR (300 MHz, CDCl3) d: 7.32–7.23

(m, 25H), 7.16 (d, J ¼ 7.2 Hz, 1H), 6.03 (d, J ¼ 5.4 Hz,

1H), 5.87 (d, J ¼ 7.5 Hz, 1H), 5.11–4.92 (m, 6H), 4.51 (dd,

J ¼ 7.2, 6.9 Hz, 1H), 2.85 (m, 2H). 13C NMR (75.4 MHz,

CDCl3) d: 171.07, 158.66, 142.81, 134.90 (d, J ¼ 5.5 Hz),

134.10, 128.91 (d, J ¼ 3.5 Hz), 128.69 (d, J ¼ 3.0 Hz),

128.22, 127.94, 127.35, 110.34, 89.91, 87.11, 86.18 (d, J ¼
6.3 Hz), 85.62 (d, J ¼ 4.5 Hz), 79.73 (d, J ¼ 5.4 Hz), 70.16

(d, J ¼ 5.9 Hz), 62.01. 31P NMR (121.4 MHz, CDCl3,
1H

decoupled) d: )1.95. ESI–MS (M + Na): 751.2151

(observed), 751.2185 (calculated).

5¢-Trityl-arabinouridine 3¢-dibenzylphosphate (8)

Methanol (40 mL) was added to 7 (2.983 g, 4.09 mmol) in a

100-mL round bottomed flask. The solid dissolved at first

and then precipitated, so CH2Cl2 was added until the

solution was clear again. Aqueous NaOH (1 m; 4 mL,

4 mmol) was added dropwise via a Pasteur pipette, and the

reaction mixture was stirred at room temperature for 8 h.

The bulk of the solvent was evaporated under reduced

pressure. The residue was dissolved in dichloromethane,

and the resulting solution was washed with water. (The pH

of the water wash was � 13) Glacial acetic acid (0.5 mL)

was added, the layers were separated, and the organic layer

was washed again with water. The layers were separated,

and the organic layer was washed twice with saturated

NaHCO3(aq) and twice with saturated NaCl(aq)7 . The organic

layer was dried over MgSO4(s), filtered, and concentrated

under reduced pressure. The crude product was purified by

silica gel chromatography, eluting with EtOAc/CH2Cl2
(1 : 1, v/v) to yield 8 as a white solid (1.888 g, 61.8%).

1H NMR (300 MHz, CDCl3) d: 10.02 (bs, 1H), 7.59 (d,

J ¼ 8.1 Hz, 1H), 7.41–7.17 (m, 25H), 6.15 (d, J ¼ 4.8 Hz,

1H), 5.35 (d, J ¼ 8.1 Hz, 1H), 4.98–4.89 (m, 5H), 4.81 (m,

1H), 4.55 (m, 1H), 4.03 (m, 1H), 3.40 (m, 2H). 13C NMR

(75.4 MHz, CDCl3) d: 164.05, 150.56, 143.19, 141.94,

135.15 (d, J ¼ 6.1 Hz), 128.63, 128.53, 128.03 (d, J ¼
2.8 Hz), 127.90, 127.23, 100.99, 87.25, 85.24, 81.05 (d, J ¼
5.9 Hz), 80.94 (d, J ¼ 9.8 Hz), 74.50, 69.86 (d, J ¼ 5.4 Hz),

62.03. 31P NMR (121.4 MHz, CDCl3,
1H decoupled) d:

)1.17. ESI–MS (M + Na): 769.2303 (observed), 769.2291

(calculated).

Arabinouridine 3¢-dibenzylphosphate (9)

The preparation of 9 was carried out in a manner similar

to that used for the preparation of 4a. The crude product

was purified by silica gel chromatography, eluting with

MeOH (5% v/v) in CH2Cl2 to yield 9 as a light yellow solid

(1.084 g, 89.6%). 1H NMR (300 MHz, CDCl3) d: 10.33 (bs,

1H), 7.70 (d, J ¼ 8.4 Hz, 1H), 7.34–7.26 (m, 10H), 6.04 (d,

J ¼ 3.9 Hz, 1H), 5.60 (d, J ¼ 8.4 Hz, 1H), 5.44 (d, J ¼
6.3 Hz, 1H), 5.05–4.98 (m, 4H), 4.82 (m, 1H), 4.52 (m, 1H),

4.46 (m, 1H), 4.03 (m, 1H), 3.76 (m, 2H). 13C NMR

(75.4 MHz, CDCl3) d: 164.59, 150.47, 142.19, 135.02 (d,

J ¼ 6.0 Hz), 128.74, 128.58, 128.04 (d, J ¼ 2.8 Hz), 100.72,

86.02, 83.21, 81.44 (d, J ¼ 4.1 Hz), 73.98 (d, J ¼ 4.0 Hz),

70.00 (dd, J ¼ 5.4, 4.8 Hz), 60.98. 31P NMR (121.4 MHz,

CDCl3,
1H decoupled) d: )1.60. ESI–MS (M + Na):

527.1180 (observed), 527.1195 (calculated).

Arabinouridine 3¢-phosphate (araUMP, 10)

The preparation of 10 was carried out in a manner similar

to that used for the preparation of 5a. The product was

purified by reverse-phase HPLC with elution by the gradi-

ent: 0–10 min, 95% A, 5% B; 10–20 min, 95–50% A,

5–50% B; 20–25 min, 50–95% A, 50–5% B. Buffer A was

H2O containing trifluoroacetic acid (0.1% v/v); Buffer B

was CH3CN containing trifluoroacetic acid (0.1% v/v). The
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desired product eluted between 6 and 8 min, and the bypro-

duct eluted at 21 min. The fractions were combined and

evaporated under reduced pressure to yield 10 as a colour-

less solid (558 mg, 83.8%). 1H NMR (300 MHz, D2O)

d: 7.67 (d, J ¼ 8.1 Hz, 1H), 5.98 (d, J ¼ 4.2 Hz, 1H), 5.67

(d, J ¼ 8.1 Hz, 1H), 4.41–4.35 (m, 2H), 4.03 (m, 1H), 3.72

(m, 2H). 13C NMR (125.7 MHz, D2O) d: 167.14, 152.18,

144.08, 101.88, 86.73, 84.16 (d, J ¼ 4.9 Hz), 80.51 (broad),

75.18 (d, J ¼ 4.9 Hz), 61.55. 31P NMR (121.4 MHz, D2O,
1H decoupled) d: )0.37. ESI–MS (M–H): 323.0272

(observed), 323.0280 (calculated).

Determination of phosphoryl-group pKa values

The pKa of the phosphoryl group of each 3¢-nucleotide was

determined by using 31P NMR spectroscopy. A 3¢-nucleo-
tide was dissolved in D2O (1.0 mL) to make a 100 mm stock

solution. An aliquot (100 lL) of the stock solution was

added to 0.10 m buffer (900 lL), and the resulting solution

was filtered. The buffers used were oxalic acid (pKa ¼ 1.3),

citric acid (3.1 and 4.8), succinic acid (4.2), Mes (6.15),

Mops (7.2), Tris (8.3), CHES (9.5), and CAPS (10.4), each

adjusted to a pH near its pKa with 2 m HCl or 2 m NaOH.

A filtered sample (900 lL) was placed in an NMR tube, and

its 31P NMR chemical shift was measured with a Bruker

DMX-400 MHz (wide bore) spectrometer equipped with a

quattro-nucleus probe or a Bruker DMX-500 MHz spectro-

meter equipped with a broadband probe, referenced to an

external standard of H3PO4, and
1H-decoupled. The pH of

each sample was measured with a Beckman W40 pH meter.

Data were fitted to Eqn (1) with the program deltagraph

4.0 (Red Rock Software; Salt Lake City, UT).

d ¼ dlow þ dhigh � 10ðpH�pKaÞ

1þ 10pH�pKa
ð1Þ

The reported values are the mean (± SE) of two determi-

nations.

Determination of Ki values

The Ki value for each 3¢-nucleotide was determined from its

ability to inhibit the cleavage of 6-FAM-dArU(dA)2-

6-TAMRA by RNase A [27]. Fluorescence emission inten-

sity was measured at 515 nm, with excitation at 493 nm.

Each assay was carried out in 2.0 mL of 20 mm Mes/

NaOH buffer, pH 6.0, containing NaCl (50 mm), RNase A

(wild-type, 0.5 pm; T45G, 12.5 pm), and 6-FAM-dA-

rU(dA)2-6-TAMRA (0.06 lm). The value of DF/Dt was

measured for 3 min after the addition of RNase A. An ali-

quot (0.5 lL) of a dilute solution of 3¢-nucleotide (2 mm)

dissolved in water was added, and DF/Dt was measured for

3 min in the presence of the 3¢-nucleotide. Additional aliqu-

ots of 3¢-nucleotide were added at 3-min intervals, doubling

the volume of the aliquot with each addition until an 8-lL
aliquot had been added. Then, an aliquot (4 lL) of a

concentrated solution of 3¢-nucleotide (10 mm) was added,

and subsequent additions again doubled in volume until a

32-lL aliquot had been added, for a total of nine additions

(75.5 lL) altogether. In each assay, 15% of the substrate

was cleaved. The loss of fluorescence intensity was correc-

ted for dilution by using the data from an assay in which

buffer instead of 3¢-nucleotide was added to the enzymatic

reaction. The Ki values were determined by fitting the data

to Eqn (2) with the program deltagraph 4.0.

DF=Dt ¼ ðDF=DtÞ0
Ki

Ki þ ½I�

� �
ð2Þ

In Eqn (2) (DF/Dt)0 is the ribonucleolytic activity prior to

the addition of the 3¢-nucleotide.
During the assays, the fluorescence intensity was

quenched at high concentrations of 3¢-nucleotide. To cor-

rect for this quenching, the following assay was conducted.

To 2.0 mL of 20 mm Mes–NaOH buffer, pH 6.0, contain-

ing NaCl (50 mm) was added 1 lL of the substrate

6-FAM–dArU(dA)2)6-TAMRA (60 lm), followed 3 min

later by 2 lL of a concentrated solution of wild-type

RNase A (1.5 mm). At 3-min intervals thereafter, aliquots

(5, 10, 20, and 40 lL) of a dilute solution of araUMP

(1.72 mm) were added to the same cuvette, and the fluores-

cence intensity was measured. In a separate assay, aliquots

(5, 10, 20, and 40 lL) of a concentrated solution of ara-

UMP (25.7 mm) were added, and the fluorescence intensity

was measured. The two data sets were corrected for loss of

fluorescence intensity due to dilution, and then combined

and fitted to Eqn (3) using deltagraph 4.0. A quenching

correction factor for each point was calculated using Eqn (3)

(where F1 is the value of the final fluorescence intensity

measurement and k ¼ )30.77) and the 3¢-nucleotide con-

centration in the cuvette. Each value of DF/Dt was divided

by the correction factor to give the corrected value. The

correction factor was the same for all the 3¢-nucleotides,
assuming that the fluorescence quenching arises from the

uracil moiety of the 3¢-nucleotide.

y ¼ ð1� F1Þekx þ F1 ð3Þ

X-ray crystallography

Crystals of RNase A (Sigma Chemical) were grown using

the vapour diffusion technique as described previously [29];

they belong to the space group C2, with two molecules per

asymmetric unit. Crystals of the 3¢-nucleotide complexes

were obtained by soaking the RNase A crystals in 20 mm

sodium citrate buffer, pH 5.5, containing PEG 4000 (25%

w/v) and dUMP (50 mm), araUMP (1 mm), or dUFMP

(12.5 mm) for 45, 60, and 75 min, respectively, prior to data

collection. Diffraction data for the three complexes were

collected at 100 K (the reservoir buffer with 30% PEG

4000 was used as cryoprotectant) on stations PX 14.1 and
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PX 9.6 from a single crystal at the Synchrotron Radiation

Source (Daresbury, UK) using an ADSC Quantum 4 CCD

detector. All diffraction images were integrated using

HKL2000 [42]. Phases were obtained by using the structure

of free RNase A [29] as a starting model. The refinement

was carried out with the CNS suite [43] and the model

building was carried out with O [44]. Initial model building

and refinement was carried out without the 3¢-nucleotide.
In each data set, a set of reflections were kept aside for the

calculation of Rfree [45]. The 3¢-nucleotide and water mole-

cules were modelled using the 2Fo–Fc and Fo–Fc SIGMAA

weighted maps. The topology and parameter files for the

3¢-nucleotides were either generated manually and/or using

the Hic-up server [46] http://alpha2.bmc.uu.se/hicup/. All

three structures have good geometry, and the / and w
angles of >87% of the protein residues are in the most

favorable region of a Ramachandran plot. All structural

diagrams were prepared with the program bobscript [47].
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