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Abstract: The fluorescent nucleotide analogue 8-azaguanosine-5'-triphosphate (8azaGTP) is prepared
easily by in vitro enzymatic synthesis methods. 8azaGTP is an efficient substrate for T7 RNA polymerase
and is incorporated specifically opposite cytosine in the transcription template, as expected for a nucleobase
analogue with the same Watson—Crick hydrogen bonding face as guanine. 8-Azaguanine (8azaG) in
oligonucleotides also is recognized as guanine during ribonuclease T1 digestion. Moreover, replacement
of guanine by 8azaG does not alter the melting temperature of base-paired RNAs significantly, evidence
that 8azaG does not disrupt stacking and hydrogen bonding interactions. 8azaGTP displays a high
fluorescent quantum yield when the N1 position is deprotonated at high pH, but fluorescence intensity
decreases significantly when N1 is protonated at neutral pH. Fluorescence is quenched 10-fold to 100-fold
when 8azaG is incorporated into base-paired RNA and remains pH-dependent, although apparent pKa
values determined from the pH dependence of fluorescence intensity shift in the basic direction. Thus,
8azaG is a guanine analogue that does not perturb RNA structure and displays pH-dependent fluorescence
that can be used to probe the ionization states of nucleobases in structured RNAs. A key application will
be in determining the ionization state of active site nucleobases that have been implicated in the catalytic
mechanisms of RNA enzymes.

Introduction in structure and biochemical properties and have high fluores-

Fluorescence spectroscopy is a powerful technigue commonly €€NC€ duantum yields offer the most useful probes. 2-Aminopu-

used to study nucleic acid structure and dynamics and nucleicrin_e’ a nucleobase analogue w@dely used _for studies of r_1uc|e_ic
acid interactions with ligands? Since natural nucleobases and acid structure and dynamics, displays a high quantum yield in

nucleosides have little or no fluorescence under common solution_ @ = 0'_68) but undgrgoes_ significar_wt fluorescence
experimental conditions, studies often involve the attachment qusnghmg Whendlncorllaqrated_(ljntog(l)lgfo?dugltleftllzdes‘;](no-fold)

of a fluorophore to nucleic acid termini or incorporation of and base-paired nucleic aci 3% -fol )"_ r:m ermore,f
fluorescent nucleobase analogues. Nucleobase analogues, Su&iamlr_]opunne IS a poor mimic of guanine in the context of a
as 2-aminopuring;® 2,6-diaminopuring, formycin? pyrrolo- canonical base pair since it lacks the C§ carbonyl group and
cytosine? 1,3-diaza-2-oxaphenothiazif@and 2-amino-6-(2- the N1 hydrogen (in the uncharged species that predominates
thienyl)purinel! have been used as probes in fluorescence at neutral pH, 2-aminopurine riboside, NKp= 3.4y that are

spectroscopy?13Analogues that resemble natural nucleobases cha'racterlsUc of the hydrogen bonding face of guanine (gua-
nosine N1 Ky = 9.2)15

lThe Scripps Research Institute. 8-Azaguanosine (8azaGuo) is a guanosine analogue with N8

Cassia LLC. ; ; ;
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Figure 1. Chemical structures of 8-azaguanine, 8-azaguanositré-5
phosphate, and its base pairs with cytosine or uridine.

Figure 2. (a) Enzymatic synthesis of 8azaGTP from glucose and 8-aza-

guanine: ribokinaserjsk), 5-phosphoe-ribosyl-a-1-pyrophosphate syn-

cereusgrown in media with added 8azd&8azaG also has
been incorporated int&scherichia coli(E. col) RNA poly-

thase prsA), xanthine-guanine phosphoribosyltransferagy/), guanylate

kinase 6pdR), pyruvate kinasepyl). (b) In situ enzymatic regeneration

of catalytic dATP: adenylate kinaspl§A). (c) In situ enzymatic generation

merase transcripts in vitro and into mammalian RNA polymerase of the phosphate donor phosphoenolpyruvate: phosphoglycerate mutase

| transcripts in cultured cel®:2° 8azaGuo has been used to
investigate the mechanism of purine nucleoside phosphory-
lasel621.22hyt 8azaG fluorescence has not yet been exploited
as a reporter of nucleic acid structure or dynamics.

We have developed an efficient synthesis of 8azaGTP and
incorporated the analogue into RNA by in vitro transcription
using bacteriophage T7 RNA polymerase. As expected from

(gpmA); enolase éndA).

nucleophilic 2 oxygen during cleavag®:3°To accept a proton
as a general base catalyst, N1 of G8 must be in the deprotonated

state. In an alternative model, G8 has been proposed to donate

a hydrogen bond to the nucleophilic xygen, providing
electrostatic stabilization of negative charge that accumulates
in the transition state as five electronegative oxygen atoms form

the similarity between 8azaG and guanine, comparison of yangjent honds with phosphordis®2 In this electrostatic

thermal melting profiles of fully or partially duplex RNAs in

stabilization model, N1 must be in a protonated state in order

which one strand contained either a single 8azaG residue or &, jonate a hydrogen bond.

guanine residue revealed virtually no effect of 8azaG on RNA
secondary structure stability. We also examined how fluores-

Due to the problem of kinetic ambiguity, the protonation state
of an active site nucleobase cannot be determined exclusively

cence excitation and emission properties of 8azaG vary with ¢ he pH dependence of reaction ratesluorescence

RNA secondary structure and pH. The results demonstrate the,
potential of 8azaG as a nonperturbing fluorescent probe of

spectroscopy has been used to investigate the protonation state

of 2-aminopurine in a ribozyme active sftéut most investiga-

nucleic acid structure and dynamics. 8azaG fluorescenceyigng of protonation equilibria of nucleotide bases in RNA

depends on N1 deprotonatiéh.

enzymes have relied on NMR spectroscépy?® Since N1 is

The ionization state of active site nucleobases is a key featurey o site in G8 that undergoes protonation and its protonated state

of models of RNA catalytic mechanisrfg328 The crystal
structure of the hairpin ribozyme complex with a vanadate
transition-state mimic shows that N1 of an active site guanine
G8, is located within hydrogen bonding distance of tHe 2
hydroxyl of the reactive phosphate.On the basis of this
structure, G8 has been proposed to act as a generat laasd
catalyst, accepting a proton at the N1 position to activate the

(18) Levin, D. H.Biochemistryl966 5, 1618-1624.

(19) lapalucci-Espinoza, S.; Franze-Fernandez, MBidchem. J1982 202,
325-332.

(20) Darlix, J. L.; Fromageot, P.; Reich, Biochemistryl971, 10, 1525-1531.

is monitored by 8-azaguanine fluorescence, the pH dependence
of 8-azaguanine fluorescence will make this analogue a useful
reporter of the ionization state of active site guanines in
investigations of catalytic RNAs and other structured RNAs.

Results and Discussion

(A) Enzymatic Synthesis.Our strategy for preparing 8-aza-
guanosine-5triphosphate (8azaGTP) was to use enzymes
derived from the pentose phosphate and nucleotide salvaging
pathways (Figure 2a). The efficient in vitro enzymatic synthesis

(21) Wierzchowski, J.; Bzowska, A.; Stepniak, K.; ShugarZDNaturforsch.,
C: J. Biosci.2004 59, 713-725.

(22) Wierzchowski, J.; Stepniak, K.; Bzowska, A.; Shugar,Nicleosides,
Nucleotides Nucleic Acid8005 24, 459-464.

(23) Bevilacqua, P. C.; Brown, T. S.; Nakano, S.; YajimaBRpolymers2004
73, 90-109.
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349 989-1010.
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412.
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Soukup, G. A.Chem. Biol.2005 12, 1221-1226.

(28) Bevilacqua, P. C.; Yajima, RCurr. Opin. Chem. Biol200§ 10, 455~
464.

(29) Rupert, P. B.; Massey, A. P.; Sigurdsson, S. T.; FBrdemarg, A. R.
Science2002 298 1421-1424.

(30) Bevilacqua, P. CBiochemistry2003 42, 2259-2265.
(31) Lebruska, L. L.; Kuzmine, I. I.; Fedor, M. &hem. Biol.2002 9, 465—
473.
(32) Kuzmin, Y. |.; Da Costa, C. P.; Fedor, M.J.Mol. Biol.2004 340, 233—
251.
(33) Jencks, W. P. Ii€atalysis in Chemistry and Enzymolodyover: New
York, 1969; pp 163-242.
(34) Puglisi, J. D.; Wyatt, J. R.; Tinoco, ., Biochemistry199Q 29, 4215~
4226.
(35) Cai, Z.; Tinoco, I., JrBiochemistryl996 35, 6026-6036.
(36) Ravindranathan, S.; Butcher, S.; FeigorBidchemistry200Q 39, 6026-
16032.
(37) Huppler, A.; Nikstad, L. J.; Allmann, A. M.; Brow, D. A.; Butcher, S. E.
Nat. Struct. Biol.2002 9, 431—-435.
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J. Am. Chem. So@001, 123 8447-8452.
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of 8azaGTP began with the C5-phosphorylation of ribose by
ribokinase (bsK), to give ribose-5-phosphate (R5P) that was
further phosphorylated at the C1 position by 5-phospho-
ribosyl-a-1-pyrophosphate synthage$A) forming 5-phospho-
p-ribosyl-o-1-pyrophosphate (PRPE)Next, xanthine-guanine
phosphoribosyltransferasglyD) coupled 8-azaguanine (8azaG)
to PRPP, forming 8-azaguanosinersonophosphate (8aza-
GMP). The monophosphate was subsequently converted to
8azaGTP by sequential action of guanylate kinagpeR) and
pyruvate kinasepykF). A key feature of the synthesis is the
use of 5 equiv of dATP as phosphate donor that was regenerated
using adenylate kinasepl§A) and pyk= (Figure 2b). The
phosphoenolpyruvate (PEP) was in turn generated in situ (Figure
2c) from excess sodium 3-phosphoglycerate (3-PGA) with the
coupled enzymes system of phosphoglycerate mutgzeX)
and enolaseedd).*%41 The nucleotide analogue 8azaGTP was
easily separatéd in 60% isolated yield from the dATP and
incorporated into RNA through transcription without further
processing. It should be noted that five of the eight enzymes
required to convert ribose into 8azaGTP are commercially
available. The enzymes of the pentose phosphate and nucleotide
salvaging pathways required to convert ribose into 8azaGMP
are no longer commercially available in highly active forms.
However, the purification procedures for these enzymies(
prsA, andglyD) have been described previoudh3 Alterna-
tively, chemical syntheses of 8azaGTP are possible in signifi-
cantly lower yields via Vorbrggen glycosylation methddi
beginning from 8azaG (since the 8azaGuo is not commercially
available), followed by phosphorylation of the resulting nucleo-
side® The enzymatic synthesis route generates exclusively the
correct diastereomer at the ‘Qdosition of the ribose moiety,
thus generating the NTP in a more efficient and cost effective
manner and in higher yield.

(B) Incorporation of 8azaG into RNA. The RNA sequence
that was chosen for these studies was designed to be useful for A
future investigations of the hairpin ribozyme catalytic mecha-
nism (Figure 3a). The sequence of GR allows incorporation of C
a single guanine analogue during in vitro transcription in a c
location that corresponds to position 8 in the active site of a
fully assembled ribozyme. The crystal structure of a hairpin A
ribozyme complex with a vanadate transition-state mimic places gy 3. (a) Sequence of GR or 8azaGR and predicted base-pairing
N1 of G8 within hydrogen bonding distance of thel®droxyl interactions in complexes with a perfectly complementary oligonucleotide,
group that carries out nucleophilic attack on an adjacent cGR, and an oligonucleotide, S, with the sequence of a hairpin ribozyme
phosphorus during Self-cleavageA guanine analogue that _ SibSUale. The G comer s snaigous lo domai A of 8 herbn
reports directly on the protonation state of G8 through changes phosphodiester. (b) Sequencing of GR and 8azaGR through partial digestion
in fluorescence offers an approach for distinguishing possible of 3'-32P-labeled oligonucleotides with ribonucleases T1 and A: lane 0, no
catalytic roles for G8 in proton transfer and electrostatic treatment; OH, partial alkaline degradation; T1, partial ribonuclease T1

stabilization that differ in the protonation state assigned to digestion; A, partial ribonuclease A digestion.
N1_8,3l,32
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merase transcription of a partially duplex synthetic DNA
A 20-nt oligonucleotide with a single 8azaG nucleobase, template, as described previouélyéexcept that reactions were
8azaGR, was prepared though bacteriophage T7 RNA poly- primed with a GpG dimer and included 8azaGTP in place of

(39) Gross, A.; Abril, O.; Lewis, J. M.; Geresh, S.; Whitesides, G.JMAm.
Chem. Soc1983 105 7428-7435.

(40) Simon, E. S.; Grabowski, S.; Whitesides, G. MOrg. Chem199Q 55,
1834-1841.

(41) Hirschbein, B. L.; Mazenod, F. P.; Whitesides, G.MOrg. Chem1982
47, 3765-3766.

(42) Scott, L. G.; Tolbert, T. J.; Williamson, J. Rlethods Enzymo200Q 317,
18-38.

(43) Tolbert, T. J.; Williamson, J. RI. Am. Chem. Sod996 118 7929~
7940

(44) Vorb'r“ngen, H.; Krolkiewicz, K.; Bennua, BChem. BerRecl.1981, 114,
1234-1255.

(45) Yoshikawa, M.; Kato, T.; Takenishi, Tetrahedron Lett1967 50, 5065—
5068.
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GTP (Figure 3a). Transcription reactions with 8azaGTP gave
isolated yields of approximately 4 nmol of 8azaGR/(mL of
reaction).

RNAs transcribed in reactions with 8azaGTP or GTP were
subjected to enzymatic sequencing through partial digestion with
ribonuclease T1, which cleaves specifically after G residues,
or ribonuclease A, which cleaves after pyrimidine residues, and
compared to products of partial alkaline hydrolysis (Figure 3b).

(46) Milligan, J. F.; Uhlenbeck, O. QVlethods Enzymol1989 180, 51-62.
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Table 1. Thermal Melting Behavior of Complexes with 8azaG Modified and Unmodified RNAs?

pH7 pH 8 pHI9
RNA Comp|€X Tm AHmO AGoca\c,ZS"C Tm AHm0 AGnca\C,ZS"C Tm AHm0 AGacalczS"C
8azaGRcGR  339.8:0.6 —94.1+6.0 —-11.5 338.6- 0.8 —84.1+10.9 —10.0 337.9+0.7 —78.9+7.12 —-9.3
GR:cGR 344.1+:2.0 —96.5+39.2 —12.9 341.4£ 0.5 —96.7+ 4.4 —12.2 339.3£ 0.8 —97.5+12.9 —11.8
8azaGRS 326405 —99.7+9.5 —8.6 326.1+£ 0.7 —101.1+9.9 —8.7 3254+ 25 —84.3+33.2 -7.1
GRS 330.0+55 —86.5+27.0 —8.4 326.8+ 0.6 —83.7+£6.7 -7.3 326.8-0.8 —119.1+59.2 —10.4

aThermal melt transition pointsTf,) are in kelvin measured at a concentration @iM for each RNA strand. EnthalpyAHn°) values are reported in
kcal"*-mol~1. Gibbs energy AG°caic.25c) values are reported in keabol™%.

Partial RNase T1 digestion of-8P-labeled transcripts that were  the GRcGR duplex that has a G:C pair. Free energy differences
isolated from transcription reactions containing GTP or 8azaGTP range from 0.6 kcal/mol for a duplex with a C:G pair in place
produced a major product with the size expected from cleavageof the G:C pair to as much as 2.9 kcal/mol for a duplex with a
of the phosphodiester bond & guanosine or 8-azaguanosine. U:A base pair substitution. The duplex is less stable by 3.3 kcal/
Thus, 8azaG was specifically incorporated opposite the uniquemol if the G:C pair is replaced by a G:U wobble pair.
cytosine in the template during T7 RNA polymerase transcrip- Substitution of C:C, U:C, or A:C mismatched base pairs for
tion in vitro and is recognized as guanine by RNase T1. the G:C pair destabilize the duplex by 4.3 to 4.7 kcal/mol. Thus,
(C) Thermal Melting Profiles of 8azaG-Containing RNA. AAG® values calculated from differences in thermal melting
Although 8-azaguanosine retains the Wats@nick hydrogen behavior due to 8azaG:C and G:C pairs in 8azed&R and
bonding face of guanosine, the change in charge distribution GR:cGR duplexes fall within the range expected for canonical
from substitution of C8 of guanine with N8 of 8azaG might base pairs in the same sequence context and are smaller than
alter the thermodynamic stability of an 8azaG:C base pair rela- AAG® values calculated for mismatched pairs. These results
tive to a G:C pair. To evaluate the effect of an 8azaG sub- are consistent with the results of a computational study of
stitution on RNA secondary structure stability, we compared 8azaG:C base-paffsand with a previous study of the melting
melting profiles for the 8azaG-containing and unmodified RNAs behavior of RNAs with low levels of 8-azaguanine acquired
annealed with a complementary oligonucleotide (cGR) that during growth of cultured cells in media with 8az&8G. ogether

forms a perfectly paired duplex (GEGR or 8azaGRGR) or with our evidence that 8azG is incorporated specifically opposite
with a ribozyme substrate sequence (S) that forms a bulgedcytosine in the template strand during T7 RNA polymerase

duplex similar to domain A of the hairpin ribozyfig GR-S transcription in vitro, these results suggest that 8azaG forms a
or 8azaGRS) (Figure 3a). stable base pair with cytosine and does not significantly perturb

The T, values obtained from plots of the percentage of RNA secondary structure stability.

hypochromicity versus temperature are given in Table 1. (D) pH-Dependent Fluorescence of 8azaG-Modified RNA.
Perfectly paired 8azaGBGR duplexes displayed lowery The pH dependencies of 8-azaguanine and 8-azaguanosine
values than their unmodified GBGR counterparts, with the  fluorescence have been well-characteri¥edonization of
difference ranging from 4°K at pH 7 to 1.4K at pH 9. 8-azaguanosine occurs with &pof 8.0516 Only the anionic
Perfectly base-paired RNA duplexes displayed significantly form that is deprotonated at the N1 position displays significant
greater thermodynamic stability than RNA complexes with a fluorescence® = 0.55) with maximum absorption and emis-
4-nt internal bulge, corresponding to loop A of the hairpin sjon observed at 278 and 362 nm, respectively. Fluorescence
ribozyme, for RNAs with or without an 8azaG substitution. emission spectra for 8azaGTP and 8azaGR and for complexes
Thermal melting profiles showed smaller differences in stability formed between 8azaGR and cGR, in a perfectly base-paired
for bulged duplexes that mimic the loop A domain of the hairpin - duplex, or with S, in a bulged duplex analogous to the ribozyme
ribozyme than for perfectly complementary duplexes, With  |oop A (Figure 3a), are shown in Figure 4. As is commonly
values varying less tharfK between bulged duplexes with and  observed with fluorescent nucleobase analogues, fluorescence
without the 8azaG modificatiorl, values decreased slightly  emission was quenched when the analogue was incorporated
with increasing pH, likely reflecting deprotonation of N1 and into RNA. The fluorescence intensity measured for 8azaGR at

N3 hydrogen bond donors in G:C and U:A base pairs. 380 nm was about 10-fold less than that of 8azaGTP at pH 9
Comparison oAG® values calculated from thE, andAHy’ and 20-fold less at pH 7 (Figure 4a,b). For comparison, the
values for 8azaGRGR and GRCGR duplexes gavAAAG® quantum yield of 2-aminopurine nucleoside decreases more than

values ranging from 1.4 kcal/mol at pH 7 to 2.5 kcal/mol at pH  100-fold when it is incorporated into an oligonucleotide.
9, with more favorable free energies characteristic of the Fluorescence emission intensity for 8azaG in the bulged
unmodified complex. The nearest-neighbor sequence depen-8azaGRS duplex was similar to emission intensity in single-
dence of the free energy of RNA duplex formation is well-  stranded RNA (Figure 4b,c). Fluorescence intensity was lower
known for RNA helices with canonical matched and mismatched still in the perfectly paired 8azaGBGR duplex with a decrease
base pairs, allowinghG° values to be calculated for the same in emission intensity of about 100-fold relative to 8azaGTP
RNA duplex but with other matched and mismatched base pairs (Figure 4a,d).

in place of the 8azaG:C pdif. AAG® calculations show that
RNA duplexes with C:G, A:U, or U:A pairs in the same position
in a GRcGR duplex as the 8azaG:C pair are less stable than

Despite the decrease in fluorescence observed when 8azaG
is incorporated into RNA, sufficient intensity remained to allow
measurements of the pH dependence of fluorescence emission

(47) Fedor, M. JJ. Mol. Biol. 200Q 297, 269-291.
(48) Mathews, D. H.; Sabina, J.; Zuker, M.; Turner, D.JHMol. Biol. 1999 (49) Contreras, J. G.; Madariaga, S.Bioorg. Chem2003 31, 367—377.
288 911-940. (50) Levin, D. H.; Litt, M. J. Mol. Biol. 1965 14, 506—514.
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Figure 4. Representative normalized fluorescence emission spectra at pH 7.0 (solid lines) and 9.0 (dashed lines) for (a) 8-azaguanosine-5'-triphosphate, (
8-azaguanine in single-stranded RNA, (c) 8-azaguanine in a bulged duplex analogous to the loop A domain of the hairpin ribozyme, and (d) 8-azaguanine

in perfectly paired duplex RNA.
Table 2. Spectral Properties of 8azaGTP and 8azaG in

8azaGTP Single-Stranded and Duplex RNAs

gg;;g:.s compound pKa, Max Aey (NM) max Aem (NM)

8azaGRecGR 8azaGTP 8.1 0.1 277.7+£ 1.6 378.0+£ 1.5
8azaGR 9.1 0.1 285.3+ 1.2 377.4£ 1.6
8azaGRS 9.9+ 0.1 290.3+ 1.0 378.8£ 1.0
8azaGRcGR 10.2+0.4 289.3+ 1.0 379.5+£1.2

RFU

guanosine and likely reflects the influence of the negatively
charged triphosphate on the acidity of A#$1:52

8azaG clearly becomes more like guanine in the context of
RNA since its [K, shifts in the alkaline direction from 8.09 in
8azaGTP to 9.10 in the single-stranded 8azaGR oligonucleotide
(Table 2). NMR studies have shown th&iwalues for guanine
in RNA vary between 10.0 and 10.6, depending on the identity

10.0

Figure 5. Relative fluorescence emission intensity at 380 nm of 8-aza- . : . .

guanosine-5triphosphate @), 8-azaguanine in single-stranded RNE)( of the nelghborlr?g nUCIE,ObE{S%Im'Iar valugs Wer_e Obtam_ed

8-azaguanine in perfectly paired duplex RN#)( and 8-azaguanine ina DY potentiometric pH titrations of guanosine dinucleotides,

bulged duplex analogous to the loop A domain of the hairpin ribozyme which gave [K, values ranging from 9.4 to 10%4:35 A more

(a). The excitation wavelength was 290 nm. Lines represent fits to eq 1. geidic K. of 9.3 was observed for guanine ih3-bisethylgua-

Apparent [K, values obtained from the fit are given in Table 2. . . . . . .
nosine, which mimics a nucleic acid polymer but lacks contribu-

(Figure 5). The pH dependence of the fluorescence integral tions from stacking interactiorfs.
between 370 and 390 nm was used to calculate appakent p  Although higher K, measurements were associated with
values for 8azaGTP and for 8azaG in single-stranded and duplex

H 51) Sigel, H.; Bianchi, E. M.; Corfu, N. A.; Kinjo, Y.; Tribolet, R.; Martin, R.
RNAs (Table 2). A value of 8.09 was obtained for the apparent (51) B.QJ. Chem. Soc.. Perkin Trando0i. 4, 5017_511.
pKa of 8azaGTP, a value that is very close to th&, pf 8.05 (52) Sigel, H.; Massoud, S. S.; Corfu, N. A, Am. Chem. So¢994 116, 2958~

reported for 8-azaguanosif&This difference is similar to the 2971
increase in the 9, of guanosine triphosphate relative to

3430 J. AM. CHEM. SOC. = VOL. 129, NO. 11, 2007

(53) Acharya, S.; Barman, J.; Cheruku, P.; Chatterjee, S.; Acharya, P.; Isaksson,
J.; Chattopadhyaya, J. Am. Chem. So2004 126, 8674-8681.
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larger errors, 8azaG clearly became more basic in a base-paireaf the hairpin ribozyme catalytic mechanism that differ in the
RNA duplex relative to single-stranded RNA, with an apparent protonation state assigned to an active site guanine.

pKa of 10.2 observed for the perfectly paired 8azaGRR
complex. Interestingly, the pH dependence of fluorescence of
8azaG in the bulged 8azaGRduplex, which is analogous to Synthesis of 8-Azaguanosine-&Triphosphate (8azaGTP). p-
loop A of the hairpin ribozyme, gave an intermediak& palue, Ribose (375 mg, 2.5 mmol) and 8-azaguanine (8azaG, 380 mg, 2.5
suggesting that interactions within the loop have a modest mmol) were disso_lved in 500 mL of synthesis buf.fe:r_(o.oozs mM dATP,
influence on N1 acidity. In an NMR solution structure of an 2:1 MM kanamycin, 0.25 mM dAMP, 5 mM ampicillin, 10 mM Mg(Cl

. . AL L _ 20 mM dithiothreitol, 50 mM potassium phosphate, and 100 mM
isolated loop A domain, G8 forms non-A-form stacking interac- _ .’ - 3-phosphoglycerate, pH 7.5) a8 The synthesis was started

tlons. and has a'n unusu@IZ’-.endo SuQa,r pucker. Rather than with the addition of 5 units of adenylate kinaggsf\, EC 2.7.4.3),
forming a canonical base pair, G8 functional groups form cross- 554 nits of phosphoglycerate mutagpipA, EC 5.4.2.4), 375 units
strand hydrogen bonds with ribose oxygens; O6 of G8 forms a of enolaseénoA, EC 4.2.1.11), and 500 units of pyruvate kinagsgkt,
cross-strand hydrogen bond with thétgdroxyl group of EC 2.7.1.40). The reaction was monitored by HPLC methods described
G+1, while its imino and amino protons interact with 'Cof elsewherd? After 24 h, the conversion of dAMP to dATP appeared
U+2.35 G8 forms quite different interactions in the context of complete, and the synthesis of 8azaGTP was started with the addition
a fully assembled ribozyn#®:56:57|n the ribozyme active site, ~ Of 5 units of ribokinaserpsK, EC 2.7.1.15§% 5 units of 5-phospho-

N1 and N2 of G8 are within hydrogen bonding distance of the D-ibosyl-o-1-pyrophosphate synthetagersA, EC 2.7.6.1f° 5 units
2'-oxygen nucleophile and the pra-Rxygen of the reactive of guanine phgsphorlbosyltransferagdy(), EC 2.4.2.7¥2and 5 units _
phosphate, respectively. Future studies comparing the p|_|ofguanylalte kinasespdR, EC 2.7.4.8). After 240 h when the synthesis

dependence of 8azaG8 fluorescence in an intact ribozyme withOf 8azaGTP appeared complete, the reaction was brought to 0.5 M
P y ammonium bicarbonate and pH 9.5 with addition of ammonium

the pH d.epen.dence of catalytic activity might help to distinguish hydroxide and purified by boronate-affinity chromatography as previ-
models in which unprotonated N1 of G8 mediates general basesly described? The 8azaGTP (1.5 mmol, 60% isolated yield) was
catalysis during cleavage or protonated N1 donates a hydrogenyissolved in 15 mL of HO, adjusted to pH 7.6 wit1 M HCI, and
bond to provide electrostatic stabilization in the transition then used in transcription reactions without further processing. Data:

Experimental Section

state828-32.56 IH NMR (600 MHz, D,0) & (mult) 6.19 (d, H-1), 5.14 (dd, H-2),
4.73 (dd, H-3), 4.42 (ddd, H-4, 4.24 (dd, H-5), 4.21 (dd, H-B); 13C
Conclusions NMR (151 MHz, DO) 6 (mult) 161.4 (d, C-4), 158.8 (s, C-6), 154.8

(s, C-2), 127.8 (s, C-5), 91.5 (d, C}186.7 (d, C-4, 75.5 (d, C-2),
We report a highly efficient enzymatic synthesis of the 732 (d, c-3), 68.2 (t, C-5); HRMS (ESI-TOF) m/z calcd (M + 1+)
nucleotide analogue 8-azaguanosifwrphosphate, its site-  524.9932, found 524.9932.
specific incorporation into RNA, and physical properties of RNA Preparation of RNAs. 8azaGR and GR RNAs (Figure 3a) were
with a single 8-azaguanine substitution. Synthesis of 8-azagua-prepared by bacteriophage T7 RNA polymerase transcription of partially
nosine-5triphosphate requires a single reaction to convert the duplex templates according to published methfédSTemplates were

nucleoside into the triphosphate for RNA transcription, with prepared by annealing synthetic deoxyoligonucleotides with the se-
an isolated yield of 60%. Certain features of 8-azaguanine makeg“g_?Cfé?GT:TAgﬁ‘TCgéTC;TCAAgI GA;g (Tcgg_':r))A"’}'r”Td 22(5;‘825
this guanine analogue particularly useful for studies of RNA ( ):

truct d functi First th leotide i fficient Reactions for transcription of 8azaGR contained 40 mM Tris-HCI (pH
structure and function. FIrst, the nucleotde 1S an emmcient gy 4 my spermidine, 10 mM dithiothreitol, 0.01% Triton X-100, 80
substrate for bacteriophage T7 RNA polymerase, allowing for mg/mL PEG-8000, 0.3M CTOP DNA, 0.34M BSGR DNA, 200

site-specific incorporation into RNA through in vitro transcrip- uM GpG, 24 mM total NTP (ATP= 12.00 mM, UTP= 1.33 mM,

tion. The nucleobase analogue could certainly be prepared as &azaGTP= 1.33 mM, CTP= 9.33 mM), 38 mM MgC4, and 3000
phosphoramidite for chemical synthesis as well. In contrast to units/(mL of T7 RNA polymerase). Afte4 h at 37°C, reactions were
other commonly used guanine analogues, 8-azaguanine has thguenched with 0.1 volume of 0.5 M EDTA (pH 8.0), and extracted
same WatsonrCrick hydrogen bonding face and virtually the Wwith an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1)
same [, for N1 protonation as guanine in the context of an equilibrated with TE buffer (100 mM TrisCl, 1 mM EDTA, pH 8.0)
RNA oligonucleotide, minimizing potential complications from and then with chloroform:isoamyl alcohol (24:1), equilibrated in the
RNA secondary structure destabilization. Furthermore, the 10- S&Me buffer. The aqueous layer was passed through Sephadex G25
to 100-fold decrease in fluorescence intensity observed when'orepamkecj columns (NAP-25, Amersham Biosciences), and the eluate

8 L di i leotide i h was dried to a volume of about 5. Full length transcription products
-azaguanine Is incorporated into an oligonucleotide is much o0 fractionated by polyacrylamide gel electrophoresis and converted

less than the 100- to 1000-fold quenching observed for other i, sodium salts by DEAE chromatography as descriBédter ethanol
nupleobqse analogues when they are incorporated |nt9 nucleigyrecipitation, RNA was dissolved in about BD of water and desalted
acids. Finally, the changes in fluorescence properties thatby gel filtration with P6 Micro Bio-Spin columns (Bio-Rad). The
accompany N1 protonation make 8-azaguanine an excellent siteconcentration was determined by UV absorbance at 260 nm assuming
specific probe of the effects of a structured RNA environment an extinction coefficient of 203 500 M-cm™ calculated using the

on purine nucleobase ionization equilibria. These results estab-nearest-neighbor methtid? and assuming that 8azaG s similar to
lish the feasibility of exploiting the pH dependence of 8-aza- 9uanine. On average, 3.6 nmol of 8azaGR was obtained per m||||||ter_
guanine fluorescence to distinguish among alternative modelsOf transcription. The same procedure was used to prepare the unmodi-

(58) Hope, J. N.; Bell, A. W.; Hermodson, M. A.; Groarke, J. MBiol. Chem.

(54) Knobloch, B.; Sigel, H.; Okruszek, A.; Sigel, R. Rrg. Biomol. Chem. 1986 261, 7663-7668.
2006 4, 1085-1090. (59) Switzer, R. L.; Gibson, K. Methods Enzymoll978 51, 3—11.
(55) Da Costa, C. P.; Sigel, Hnorg. Chem.2003 42, 3475-34782. (60) Hegg, L. A.; Fedor, M. JBiochemistryl995 34, 15813-15828.
(56) Rupert, P. B.; Fefr®’Amaré, A. R. Nature2001, 410, 780-786. (61) Cantor, C. R.; Warshaw, M. M.; Shapiro, Biopolymersl197Q 9, 1059-
(57) Salter, J.; Krucinska, J.; Alam, S.; Grum-Tokars, V.; Wedekind, J. E. 1077.
Biochemistry2006 45, 686—700. (62) Puglisi, J. D.; Tinoco, I., JMethods Enzymoll989 180, 304—-325.
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fied GR oligonucleotide except that transcription reactions included (pH 8—8.75), or CHES (pH 9-10) and heated to 88C for 1 min and
GTP instead of 8azaGTP and the GpG dinucleotide primer was omitted. slowly cooled to 25C before data collection. Buffer pH was adjusted
cGR and S RNAs (Figure 3a) were prepared through chemical synthesisat 25°C with NaOH. Fluorescence excitation and emission spectra were
(Dharmacon). measured at 28C with a Molecular Devices Spectramax M2 plate
Enzymatic Sequencing8azaGR or GR oligonucleotides were 3 reader that allowed simultaneous measurements of multiple samples
end labeled by reaction with 52P]pCp and RNA ligase, as descritf&d. with baseline correction for the buffers. Fluorescence excitation scans
Alkaline hydrolysis was done in 0.5 M carbonate/bicarbonate buffer, between 250 and 320 nm were recorded at 380 nm, and fluorescence
pH 9.0, 100 mM EDTA with 25g/(uL of carrier RNA) at 90°C for emission scans between 360 and 500 nm were recorded with excitation
10 min. Partial ribonuclease digestion was carried out with 0.4 units/ wavelengths of 280, 290, and 300 nm. An apparent peak of emission
(uL of ribonuclease T1) in 100 mM Tris-HCI, pH 8.0, for 4 min at  intensity that appears at 470 nm is only detectable in the low emission

room temperature or with 7.5 unitgl( of ribonuclease A) in 50 mM intensity samples and likely reflects inaccuracies in the baseline
sodium acetate, pH 5.4 at room temperature for 2 min. correction by the plate reader fluorimeter that was used to collect these
UV Thermal Melting Profiles. Changes in absorbance at 260 nm data. Apparenti§, values were determined by nonlinear, least-squares
were measured at temperatures ranging from 0 t6®0n both di- fit analysis of the integrated fluorescence emission between 370 and
rections, with increments of 4C/min, using a Cary 1 Bio UV-visible 390 nm to an acigbase equilibrium (eq 1), using Igor software

spectrophotometer (Varian). 8aza@RBR, 8azaGR5, GRcGR, and (Wavemetrics).

GR-S complexes were prepared with each strand at a concentration of i

14M in 50 mM HEPES and 100 mM NaCl at pH 7.0, or in 10 mM F=F, + (Fg— Fy )] (1)

phosphate buffer and 50 mM NaCl at pH 7.0, 8.0, or 9.0. Melting Ka[H+]

temperature Tn) and the enthalpy of unfolding at the melting tem-

perature £Hy°) were calculated by nonlinear least-squares fits to the ~ Acknowledgment. This work was supported by the National
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