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ABSTRACT

Expanding our previous finding of an adenosine-initiated transcription system, we now demonstrate that either the 5’ site or the
N6 site of adenosine nucleotides can be modified extensively without abolishing their ability to initiate transcription under the
T7 $2.5 promoter. Two series of amino derivatives of adenosine nucleotides were synthesized. Fluorescein and biotin groups
were coupled to AMP derivatives through linkers of different sizes and hydrophobicities. Both fluorescein- and biotin-conju-
gated (at either the 5’ or N6 site) adenosine nucleotides can act as efficient transcription initiators, producing fluorescein- and
biotin-labeled RNA at the specific 5" end by a one-step transcription procedure, eliminating posttranscriptional modification.
Furthermore, N6-modified adenosine derivative-initiated transcription synthesizes 5’ end modified RNA with a free phosphate
group, providing the possibility for further derivatization. The current finding makes easily available a variety of site-specifically
functionalized RNA, which may be used in nucleic acid detection, RNA structural and functional investigation, and generation

and isolation of novel functional RNA.
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INTRODUCTION

Efficient in vitro transcription methods using T3, T7, and
SP6 RNA polymerases (Krieg and Melton 1987; Milligan et
al. 1987; Pokrovskaya and Gurevich 1994) have been widely
used to produce RNA for a variety of applications. Com-
monly used in vitro transcription systems all use guanosine
and its nucleotides for transcription initiation (Pokrovskaya
and Gurevich 1994). We previously developed an adenosine
derivative-initiated transcription system using the T7 $2.5
promoter (Huang et al. 2000; Huang 2003). Three common
coenzymes (CoA, NAD, and FAD) can serve as efficient
transcription initiators to produce 5’ coenzyme-linked
RNA (Huang 2003). To further explore the utility of this
adenosine derivative-initiated transcription system, we
wished to extend the investigation to include adenine-base
modification tolerance on transcription initiation. It is
shown here that either 5'- or N6-modification of adenosine
may be accepted by T7 RNA polymerase, whereas 8-modi-

Reprint requests to: Faqing Huang, Department of Chemistry and Bio-
chemistry, University of Southern Mississippi, Hattiesburg, MS 39406-
5043, USA; e-mail: faqing.h.huang@usm.edu.

Article and publication are at http://www.rnajournal.org/cgi/doi/
10.1261/rna.5106403.

1562

fication of adenosine abolishes its initiation activity. There-
fore, a variety of 5'- and N6-modified derivatives of adeno-
sine nucleotides were chemically synthesized and investi-
gated for their ability to initiate RNA transcription under
the T7 $2.5 promoter. Efficient RNA labeling at the specific
5" end can be achieved by either one-step transcription
initiation or a two-step procedure of transcription and
posttranscriptional modification.

RESULTS

The T7 class II promoter initiates transcription with ATP
(Huang et al. 2000). A few 5'-modified AMP derivatives
(adenosine-containing coenzymes) have been shown to act
as transcription initiators for efficient incorporation into
the 5’ end of RNA (Huang 2003). In the present investiga-
tion, we wished to explore (1) which site(s) of the adenine
base can be modified without abolishing its ability to ini-
tiate transcription, and (2) what kinds of modifications
(modifying group size, linker length, hydrophobicity, etc.)
are acceptable at the permissible site(s) on the adenine base
and at the 5’ site of AMP. Two series of 5'- and N6-amino
derivatives of AMP as well as their fluorescein and biotin
conjugates were synthesized. These compounds were then
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tested for their ability to label the 5" end of RNA through
transcription initiation.

Permissible modification at the N6 site of adenine for
transcription initiation

Permissible modification sites on the adenine base for tran-
scription initiation were first investigated before the syn-
thesis of adenosine derivatives. Modification with a 6-ami-
nohexyl group at either the N6 or 8 of AMP was introduced,
and its effect was examined for incorporation into the 5’
end of RNA. Figure 1 shows how modification at the two
different sites (N6 and 8) of adenine affects transcription
initiation, using a previously defined transcription system
containing 35 nucleotides (nt) in DNA template and
[a-"*P]ATP as the label (Huang 2003). All transcription
solutions contained 0.25 mM ATP and 1 mM each of GTP,
CTP, and UTP, as well as 4 mM of an AMP derivative as
indicated. Under the normal transcription conditions (Fig.
1, lane 1), the system produces the full-size RNA (N band)
of 35 nt, along with the N+1 and N+2 bands of RNA (add-
ing 1 or 2 nontemplated nucleotides at the 3" end). In the
presence of N6-(6-aminohexyl) adenosine 5'-monophos-

RNA + FAM-SE
+ N6-HDA-AMP
RNA + FAM-SE
+ 8-HDA-AMP

RNA + FAM-SE

Lane 1 2 3 4 5 o6
Yield 0 76 80 0 0%

FIGURE 1. Effects of N6- or 8-modification of adenosine nucleotides
on transcription initiation under the T7 $2.5 promoter. RNA was
prepared in the absence (lane 1) or presence of 4 mM of either N6-
HDA-AMP (lane 3) or 8-HDA-AMP (lane 5). Transcription solutions
contained 0.25 mM ATP and 1 mM each of GTP, CTP, and UTP. In
addition, ~0.1 pM of [a-**P]ATP was included to label RNA products
for visualization and quantitation. Samples were run to single-nucleo-
tide resolution on an 8% denaturing polyacrylamide gel. Normal tran-
scription produces three RNA bands (lane I). There are N, N+1, and
N+2 bands of RNA. After transcription, half of each RNA preparation
was reacted with FAM-SE (lanes 2,4,6, 100 mM FAM-SE in 0.5 M
NaHCO;, 30 min at room temperature). Amino- and fluorescein-
RNA yields are indicated (lanes 1-6). Compared with normal pppRNA
(lane I), the amino-RNA (lane 3) and FAM-labeled RNA (lane 4)
migrate with slower rates, shifting upwards by roughly 1 and 2.4 nt,
respectively.

— N+2 band RNA
— N+1 band RNA
— N band RNA

phate (N6-HDA-AMP; lane 3), the three major RNA bands
(four bands total) shift upwards (slower) by approximately
1 nt. The shift is caused by the incorporation of N6-HDA-
AMP into the 5" end of RNA. Similar to a coenzyme-initi-
ated transcription (Huang 2003), transcription in the pres-
ence of N6-HDA-AMP synthesizes two types of RNA: the 5’
end modified RNA (N6-HDA-AMP-RNA) and normal
pppRNA. Each type contains the N, N+1, and N+2 bands of
RNA. Due to the upward 1-nt shift by N6-HDA-AMP-
RNA, four RNA bands are produced (lane 3). They repre-
sent (from bottom to top) N band pppRNA (very weak),
N+1 pppRNA and N band N6-HDA-AMP-RNA, N+2
pppRNA and N+1 band N6-HDA-AMP-RNA, and N+2
band N6-HDA-AMP-RNA. On the other hand, 8-(6-ami-
nohexyl) aminoadenosine 5’-monophosphate (8-HDA-
AMP) does not have any detectable effects on transcription
(lane 5), indicating that 8-HDA-AMP can neither initiate
nor inhibit transcription. Total RNA yields remain constant
within the error of the experiments (typically £20%) in the
presence or absence of either modified adenosine derivative.
To confirm N6-HDA-AMP incorporation into RNA, all
three RNA samples were treated with 5(6)-carboxyfluores-
cein N-hydroxysuccinimide ester (FAM-SE) and loaded
onto the same gel for electrophoresis (Fig. 1, lanes 2,4,6). If
the amino derivative of AMP (either N6-HDA-AMP or
8-HDA-AMP) can act as a transcription initiator, the re-
sulting RNA would bear a free amino group at the 5’ end,
which can be labeled by FAM-SE and would lead to further
migration retardation in the gel. As can be seen from Figure
1, reaction of N6-HDA-AMP-initiated RNA with FAM-SE
produces RNA products with slower migration in the gel by
1-2 nt relative to N6-HDA-AMP-RNA (cf. lanes 3 and 4)
and by 2-3 nt relative to normal RNA (cf. lanes 1 and 4).
After individual RNA band quantitation by phosphorimag-
ing, the transcription initiation efficiency of N6-HDA-AMP
can be calculated by comparing the relative band intensity
of lanes 3 and 4 with lane 1. Excellent transcription initia-
tion efficiency (76%—-80%) can be achieved with N6-HDA-
AMP. However, treatment of FAM-SE with RNA tran-
scribed under either the normal conditions (lane 1) or in
the presence of 8-HDA-AMP (lane 5) does not result in
slower-migrating RNA products (lanes 2,6), further dem-
onstrating the inability of 8-HDA-AMP to initiate tran-
scription. Therefore, the N6 position of adenine may be
modified, and the resulting adenosine derivatives maintain
transcription initiation capacity. On the other hand, an un-
modified 8-position of adenine appears to be essential for
adenosine nucleotides to act as transcription initiators.

Synthesis of amino derivatives of adenosine

From the above experiment (Fig. 1) and our previous re-
sults (Huang 2003), either 5'- or N6-modification on
adenosine is acceptable for transcription initiation under
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the T7 class II promoter. To demonstrate the utility of
modification tolerance at these two sites, it is desirable to
label RNA with fluorophores and biotin at the 5" end. We
synthesized two series (each consisting of six different link-
ers) of 5'- and 6-amino derivatives of adenosine nucleotides
(Fig. 2) to optimize the transcription initiation efficiency
and facilitate broad applications of this transcription sys-
tem. The linkers in these derivatives differ in both size and

hydrophobicity. Synthesis of 5'-amino derivatives of adeno-
sine phosphoramidate followed the standard direct phos-
phate-amine coupling procedure by the water-soluble car-
bodiimide, N-(3-dimethylaminopropyl)-N'-ethylcarbodi-
imide (EDAC; Chu et al. 1983). Coupling efficiencies as
determined by HPLC are excellent, ranging from 70% to
95% after a 2-h reaction at room temperature. Because all of
the adenosine phosphoramidate products are more hydro-

phobic than the other components in

the reaction mixture (AMP, diamines,

NH, NH, urea derivatives), product purification

A can be achieved by simply loading the

k > > reaction mixture onto a reverse-phase

EDAC I\ HPLC column (equilibrated in 100%

NH,—L—NH, + 0—||>—— — s NH,—L—NH— T_O water), followed by elution with 30%

Diamine 0" o MeOH.

AMP Adenosine 5'-(@-amino-linker) For the synthesis of the N6-derivative

B OH OH phosphoramidate OH OH series, 6-chloropurine riboside 5'-

al ol NH—L—NH, monophosphate was first prepared by

N \ phosphorylation of the 5 hydroxyl of

N | \> N | \ \> 6—chloropurine ribosid.e by phosphorus

KN W procy, ﬁ KN e |\ f)xychlorl.de. Hydrolysis p.roduc.ed 'Fhe

Ho 2 2 - intermediate 6-chloropurine riboside
—— > 0—P—0 o —_— O—P—O o . e

2) H,0 % 5’-monophosphate. Direct chloride dis-

placement of 6-chloropurine riboside

OH OH OH OH 5’-monophosphate by diamines (Brode-

6-Chloropurine riboside 6-Chloropurine riboside

5' monophosphate

N6-(w-amino-linker)
adenosine 5'-monophosphate

lius et al. 1974) led to high yields of N6-
amino derivatives of AMP (60%-90%).

4,7,10-Trioxa-1,13-tridecanediamine (TOTDDA)

A) Ad 5'-(o linker) phosphoramidate
Adenosine 5'-aminoethy! phosphoramidate (5'-EDA-AMP)
Adenosine 5'-(4-aminobutyl) phosphoramidate (5'-BDA-AMP)
Adenosine 5'-(6-aminohexyl) phosphoramidate (5'-HDA-AMP)
Adenosine 5'-(2-aminoethoxyethyl) phosphoramidate (5-ODEA-AMP)

B) N6-(w-amino-linker) adenosine 5'-monophosphate
Né6-aminoethyl adenosine 5'-monophosphate (N6-EDA-AMP)
N6-(4-aminobutyl) adenosine 5'-monophosphate (N6-BDA-AMP)
N6-(6-aminohexyl) adenosine 5'-monophosphate (N6-HDA-AMP)
N6-(2-aminoethoxyethyl) adenosine 5'-monophosphate (N6-ODEA-AMP)

NH,-L-NH, = diamine L = linker

Ethylenediamine (EDA) CH,CH,

1,4-Butanediamine (BDA) CH,CH,CH,CH,
1,6-Hexanediamine (HDA) CH,CH,CH,CH,CH,CH,
2,2'-Oxydiethylamine (ODEA) CH,CH,0CH,CH,
2,2'-(Ethylenedioxy)diethylamine (EDODEA) CH,CH,0OCH,CH,OCH,CH,

CH,CH,CH,0CH,CH,0CH,CH,0CH,CH,CH,

Adenosine 5'-(3,6-dioxa-8-aminooctyl) phosphoramidate (5-EDODEA-AMP)
Adenosine 5'-(4,7,10-trioxa- 1 3-aminotridecyl) phosphoramidate (5'-TOTDDA-AMP)

N6-(3,6-dioxa-8-aminooctyl) adenosine 5'-monophosphate (N6-EDODEA-AMP)
N6-(4,7,10-trioxa-13-aminotridecyl) adenosine 5'-monophosphate (N6-TOTDDA-AMP)

Product purification was based on dif-
fering hydrophobicities, and was easily
achieved by reverse-phase HPLC.

Synthesis of 5’'- and N6-fluorescein
and biotin derivatives of adenosine

Fluorescein coupling to all above syn-
thesized amino-modified adenosine de-
rivatives was achieved by reaction with
FAM-SE (1:1 ratio), shown in Figure 3A
(5'-fluorescein coupling) and Figure 3B
(for N6-fluorescein coupling). HPLC
analysis of the fluorescein coupling re-
actions gave 70%-90% yields of fluores-
cein products. Seven biotinyl com-
pounds (Fig. 3) of the 5'- and N6-amino
derivatives of AMP were synthesized by
coupling with biotin N-hydroxysuccin-
imide ester (biotin-SE) with a 2:1 ratio

FIGURE 2. Synthetic scheme for amino derivatives of adenosine. (A) Synthesis of 5" amino
derivatives of adenosine phosphoramidate by EDAC-assisted direct coupling of diamines with
AMP. (B) Preparation of N6-amino derivatives of AMP from 6-chloropurine riboside. Chlo-
rophosphorylation of 6-chloropurine riboside followed by hydrolysis yields 6-chloropurine
riboside 5'-monophosphate. Displacement of the 6-chloride by diamines produces the desired
products. The linkers vary in length (3-14 bonds) and hydrophobicity. Abbreviations for

diamines and their adenosine derivatives are in parentheses.
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of amine:biotin-SE. Near quantita-
tive conversion of amino derivatives
to their corresponding biotin derivatives
was achieved. Purification of the fluo-
rescein- and biotin-linked adenosine
nucleotides was performed by reverse-
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A Adenosine S'—(FAM-lmker) \
phosphoramidate k
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[

Biotin—NH—L—NH— Fl>—0

NH,
N/

Adenosine 5'-(w-amino-linker)

phosphoramidate o
Ad ine 5'-(biotin-linker)
phosphoramidate OH OH
Ad ine S'-(FAM-linker) phosphoramidate &

Adenosine 5'-(biotin-linker) phosphoramidate
5'-FAM-EDA-AMP
5-FAM-BDA-AMP
5'-FAM-HDA-AMP
5'-FAM-ODEA-AMP
5-FAM-EDODEA-AMP
5-FAM-TOTDDA-AMP

5'-Biotin-HDA-AMP

5'-Biotin-EDODEA-AMP
5'-Biotin-TOTDDA-AMP

NH-L—NH-FAM

B
N
N6-(FAM-linker) adenosine N7 l \>
5'-
monophosphate o K
NH—L—NH, -l N N
0-—|I=—o o
p > :
FAM-SE OH OH
O—P—O
NH-L—NH-biotin
Biotin-SE
=
I \>
N6—(m-ammo-lmker) O
denosine 5' hosohat O—T_o
N6-(biotin-linker) O
denosine 5" phosphat
OH OH
N6-(FAM-linker) adenosine 5" hosphate &
N6-(biotin-link ) denosine 5" phosphat

N6-FAM-EDA-AMP
N6-FAM-BDA-AMP
N6-FAM-HDA-AMP
N6-FAM-ODEA-AMP
N6-FAM-EDODEA-AMP
N6-FAM-TOTDDA-AMP

Né6-Biotin-BDA-AMP
N6-Biotin-HDA-AMP

N6-Biotin-EDODEA-AMP
N6-Biotin-TOTDDA-AMP

FIGURE 3. Synthesis of fluorescein and biotin derivatives of AMP by
reaction of amino derivatives of AMP with FAM-SE and biotin-SE. (A)
Preparation of adenosine 5'-fluorescein- and 5’-biotin-phosphorami-
dates, and (B) synthesis of N6-fluorescein and N6-biotin derivatives of
AMP.

phase HPLC. To confirm correct product formation, two
fluorescein-coupled samples (5'-FAM-HDA-AMP and N6-
FAM-BDA-AMP) from each series were analyzed by mass
spectrometry (MS): 5'-FAM-HDA-AMP, C,,H;;N,O,,P,
calc. MW 803.7, found MH" 804.9; N6-FAM-BDA-AMP,
C55H;35N0, 5P, calc. MW 776.6, found MH" 777.8.

Incorporation of 5’- and N6-amino derivatives into
RNA by in vitro transcription

All of the above synthesized amino derivatives of adenosine
nucleotide were tested for their ability to initiate transcrip-
tion under the T7 ¢2.5 promoter. As shown in Figure 4 (top
panel), these 12 amino derivatives (containing either 5'- or
N6-modification) can all act as efficient transcription ini-
tiators, with yields ranging from 43% * 5% to 86% + 5%
(concentration ratio of 0.25:4 mM of ATP:amino derivative
in transcription solution). Neither the linker length nor
hydrophobicity appears to significantly affect the transcrip-
tion initiation efficiency, although hydrophilic and the
longest TOTDDA (14 bonds) linker seems to lower the
initiation efficiency. In addition, modification at either the
5" or N6 site has little effect on transcription initiation (with
the exception of N6-TOTDDA modification). To confirm
the presence of a free amino group and incorporation
yields, the RNA samples shown in the top panel of Figure 4
were reacted with FAM-SE for fluorescein derivatization via
the free amino group. As can be seen from the bottom panel
of Figure 4, all of the samples (lanes 2—13) can be fluores-
cein-modified except the first lane (unmodified RNA). The
results from the two gels are in excellent agreement (within
the experimental error of + 5%) to show that (1) all of the
12 amino derivatives of adenosine nucleotide can act as
transcription initiators under the T7 $2.5 promoter, pro-
ducing free amino-bearing RNAs at the 5" end; and (2) they
are all good-to-excellent transcription initiators, yielding
43%-86% of 5 amino-modified RNA.

Incorporation of 5’- and Né6-fluorescein and biotin
derivatives into RNA

After demonstrating high initiation efficiency of 5'- and
N6-amino-modified adenosine derivatives, we investigated
fluorescein- and biotin-linked adenosine nucleotides for
their incorporation into the first nucleotide of RNA tran-
scripts. If successful, this approach would provide a one-
step procedure for specific site (+1) labeling of RNA by
fluorophores and biotin. Figure 5 shows transcription ini-
tiation by various fluorescein-linked adenosine nucleotides.
Although all of the 12 amino derivatives of adenosine
nucleotides are efficient transcription initiators (Fig. 4), fur-
ther derivatization of these amino-modified adenosine
nucleotides with fluorescein substantially changes their abil-
ity to initiate transcription. Both the linker size and hydro-
phobicity can have significant effects. If the linker is too
short (three bonds with a CH,CH, unit), initiation effi-
ciency is very low (Fig. 5, lanes 2,8). Long linkers (EDODEA
and TOTDDA, nine and 14 bonds, respectively) also lead to
poor transcription initiation (lanes 6,7,12,13). However,
good to excellent transcription initiators (lanes 3,4,9,10) are
produced from middle-sized linkers (BDA and HDA, five
and seven bonds). On the other hand, ODEA as a linker (six
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+ 5’-EDA-AMP

+ 5’-BDA-AMP

+ 5’-HDA-AMP

+ 5’-ODEA-AMP

+ 5’-EDODEA-AMP
+ 5-TOTDDA-AMP
+ N6-EDA-AMP

+ N6-BDA-AMP

+ N6-HDA-AMP

+ N6-ODEA-AMP

+ N6-EDODEA-AMP
+ N6-TOTDDA-AMP

— e S - gy W
- ————

L

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13
Yield 86 84 83 75 8472 81 75 68 79 59 43%

l FAM-SE

-
.p - -
- . - —

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13
Yield 85 82 81 75 83 72 80 76 70 78 60 40%

FIGURE 4. Transcription initiation with 5’- and N6-amino deriva-
tives of adenosine nucleotides under the T7 2.5 promoter (fop) and
their posttranscriptional derivatization with fluorescein (bottom).
RNA samples were run to single-nucleotide resolution on an 8% de-
naturing PAGE and visualized by phosphorimaging. Top panel: Tran-
scription in the presence (4 mM) of one of the 12 amino derivatives
produces high yields of 5" end amino-modified RNAs, with migration
rates ranging from slightly below that of the N+1 band to that of the
N+2 band of unmodified RNA, depending on the linker size. Bottom
panel: Coupling of fluorescein with 5' end amino-modified RNAs
further slows down the RNA migration in the gel by approximately 1
nt (i.e., with migration rates varying from slightly below that of the
N+2 band to that of the N+3 band of unmodified RNA). Both amino-
RNA yields and fluorescein-labeled RNA yields are indicated under the
corresponding gels. The yields of fluorescein-linked RNA agree well
with the results of amino-RNA in the top panel.

bonds) results in very poor transcription initiation (lanes
5,11). Therefore, for fluorescein-linked adenosine nucleo-
tides, both the linker size and hydrophobicity play an im-
portant role in determining initiation efficiency. Different
modification sites (5’ versus N6) on adenosine nucleotide
also have some effect. The three best fluorescein-containing
initiators are 5'-FAM-HDA-AMP, N6-FAM-BDA-AMP,
and N6-FAM-HDA-AMP; the other fluorescein derivatives
of AMP are fair to poor transcription initiators. In general,
modification at the 5’ site has less negative effect on tran-
scription initiation compared to modification at the N6 site.
Transcription initiation by fluorescein-AMP derivatives was
confirmed by nuclease P1-digestion of the resulting RNA
(gel-purified) followed by MS analysis. From RNAs pre-
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pared with N6-FAM-BDA-AMP (MW 776.6) and 5'-FAM-
HDA-AMP (MW 803.7) as the initiators, MH" peaks of
777.8 and 804.9, respectively, were found.

Further demonstration of functional adenosine deriva-
tive-initiated transcription was performed with biotin de-
rivatives. Based on the results shown in Figure 5 and con-
sidering potential applications of biotinylated RNA, only
seven biotin derivatives of adenosine nucleotides were syn-
thesized. These biotin derivatives may have either high tran-
scription initiation efficiency (based on the results of BDA
and HDA derivatives in Fig. 5) or favorable properties such
as long linker and hydrophilicity (EDODEA and TOTDDA).
As shown in Figure 6, biotin-modified adenosine nucleo-
tides are in general better transcription initiators than their
corresponding fluorescein derivatives. All seven biotinylated
derivatives are able to initiate transcription with good to
excellent efficiency (from 20%-76%). Unlike fluorescein
derivatives, the acceptance for long and hydrophilic linkers
(EDODEA and TOTDDA) ranges from moderate to excel-
lent (Fig. 6, lanes 3,4,7,8). As in the case of fluorescein
derivatives, biotin-modified adenosine nucleotides show
more tolerance towards modification at the 5’ site than the
NG site.

DISCUSSION

Commonly used in vitro transcription systems all use gua-
nosine and its derivatives for initiation, producing RNA
with guanosine and its derivatives at the 5" end (+1), al-

- 2 g

&EE n.n.o'Eﬂ:
a22=332S523% 38
= T i3s3 348
I$3i§8834<88¢E
<§§W0'-:§QQQQO
O p T @30 uwmzxT 0wk
S22 15225323 s=
EEEEE§<<<<<<
Foww ffFFee et
_Ihl.\lhlnlnlwowwm‘o
N v ww w w2 22 Z2 Z2 2 2
o+ + O+ o+ + O+ O+ O+ O+ o+

— - -

------- —— —

——

1 2 3 45 6 7 8 910111213
12 21 65 2 5 5 0 4030 4 4 2%

Lane
Yield

FIGURE 5. Fluorescein-linked adenosine nucleotide-initiated tran-
scription. RNA products were resolved by 8% denaturing PAGE and
quantitated by phosphorimaging. Transcription in the absence (lane
1) or presence (2 mM) of fluorescein derivatives (5-isomers) of adeno-
sine nucleotides (lanes 2—13). Transcription initiation efficiency varies
from 0% to 65% (indicated under the gel, depending on the linker size
and hydrophobicity) under the transcription conditions.
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FIGURE 6. Biotin labeling of RNA through 5'- and N6-biotin-modi-
fied adenosine nucleotides under the T7 class II promoter. Transcrip-
tion was performed with either 0 mM (lane 1) or 4 mM biotin de-
rivatives (lanes 2-8). Different biotinylated RNA products were re-
solved by 8% denaturing PAGE. Biotinylated RNA products
comigrated with the N+2 and N+3 bands of unmodified RNA (de-
pending on the linker size).

though there are a few exceptions of other nucleotides such
as adenosine and cytidine derivatives to initiate transcrip-
tion with certain sequences (Nam et al. 1986; Helm et al.
1999). We recently developed a different in vitro transcrip-
tion system derived from the T7 $2.5 promoter (Dunn and
Studier 1983), from which transcription is initiated by
adenosine and its 5'-modified derivatives (Huang et al.
2000; Huang 2003). There is no apparent sequence restric-
tion for the A-initiated transcription system. Our experi-
ments (data not shown) have demonstrated similar tran-
scription efficiencies between a T7 class III promoter (G-
initiation) and the $2.5 promoter (A-initiation).

Many applications require site-specific modifications of
RNA. For example, fluorophore labeling of RNA at pre-
defined sites is essential for structural and functional inves-
tigation (Walter and Burke 2000; Klostermeier and Millar
2001b; Sastry 2001; Walter 2001; Walter et al. 2001). Spe-
cific 5'-end modifications of RNA may be achieved through
transcription initiation with 5'-modified guanosine deriva-
tives (Burgin and Pace 1990; Seelig and Jaschke 1999; Sastry
2001; Zhang et al. 2001a,b). However, a few limitations exist
for the guanosine-initiated transcription system. (1) Only
5’-modified guanosine derivatives can be used as transcrip-
tion initiators, rendering the 5’ end of resulting RNA un-
available for other functionalities, such as further deriv-
atization. Although 6-thioguanosine 5’-monophosphate
(6sGMP) has been used to initiate transcription, resulting in
photo-crosslinkable 6-thioG-linked RNA (Christian et al.

1998; Harris and Christian 1999), it is doubtful that 6sGMP
can be used for efficient labeling of RNA at the specific +1
site. (2) The promoter of the guanosine-initiated transcrip-
tion systems usually requires two or more consecutive gua-
nosines at the first few nucleotide positions of RNA for
efficient transcription (13 out of 15 G-initiating promoters
from T7 phage produce = two consecutive guanosines at
the 5" end of RNA; Dunn and Studier 1983). Repeated
abortive initiation may produce substantial concentrations
of oligomers of G. Initiation by both GTP and its oligomers
can result in significant 5" heterogeneity of RNA (Nam et al.
1986; Pleiss et al. 1998). Such 5" RNA heterogeneity may
hinder its applications that require high purity of RNA,
such as in structural investigation by NMR and X-ray crys-
tallography. (3) Guanosine-initiated transcription systems
restrict the first nucleotide of the RNA to be a guanosine or
its derivative, although desired RNA sequences may have
other nucleotides (such as A) at their 5" ends. (4) Compared
to other nucleoside derivatives, guanosine derivatives tend
to have relatively low solubility in aqueous solutions.

Certain advantages of the A-initiated transcription sys-
tem become apparent. First, the promoter contains AG as
the first two nucleotides for RNA sequences (Huang et al.
2000; Huang 2003). The mechanism of causing 5° RNA
heterogeneity by repeated abortive initiation and re-initia-
tion (Nam et al. 1986; Pleiss et al. 1998) does not exist. As
a result, the A-initiated transcription system can produce
RNA with a high degree of 5" RNA homogeneity, which has
been confirmed by DNazyme trimming of the 3" portion of
transcribed RNA, leading to one band of RNA at single-
nucleotide resolution by PAGE (Huang 2003). A direct
comparison between a T7 class III promoter and the $2.5
promoter has been made from transcription followed by
DNazyme cutting, resulting in a major N band RNA plus
5%-8% N+1 and N+2 bands from the class III promoter
and a single band RNA from the $2.5 promoter (data not
shown). Second, in combination with guanosine-initiated
transcription systems, choices are provided to synthesize
RNA with either an A or a G as the first nucleotide. Third,
adenosine derivatives usually have much better solubility
than guanosine derivatives in aqueous solutions. Adenosine
derivatives are not capable of forming G-quartet structures
that can lead to aggregation. Therefore, many potential
functional groups may be linked to adenosine to make a
variety of derivatives.

Based on the results of the present investigation and
above discussion, the T7 $2.5 promoter provides a simple
but versatile mechanism for preparing a variety of 5 end
modified RNA, either by a two-step procedure (transcrip-
tion followed by posttranscriptional modification) or a
single-step transcription. The modification site can be at the
5', N6, or both 5" and N6 of adenosine and its nucleotides.
An assortment of linkers with varying length and hydro-
phobicity can be introduced between a functional group
and adenosine or its nucleotides. Different chemistries, such
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as carboxyl-amine coupling and haloacetamide-, halide-, or
maleimide-thiol coupling, are available for functional group
derivatization of adenosine, its nucleotides, and RNA. In
particular, N6-modified AMP derivatives constitute a new
type of transcription initiators, from which site-specific
RNA labeling can be achieved by transcription and RNA
ligation. For example, doubly fluorescent-labeled RNA may
be prepared by two steps: synthesizing two RNA fragments,
each containing either the donor or the acceptor [Donor-
L-A-RNA¢,,;> pA(-L-Donor)-RNAg,,.;, and pA(-L-Accep-
tor)-RNAg, ,,,], and then joining the two RNA fragments by
RNA/DNA ligase to produce full RNA with both donor and
acceptor anchored at specific sites (i.e., Donor-L-A-
RNAg,01-PA(-L-Acceptor)-RNAg,,.,, or pA(-L- Donor)-
RNA{,q1-PA(-L- Acceptor)-RNAg,,). For small RNA frag-
ments, site-specific fluorophore labeling can be achieved by
chemical synthesis (Earnshaw and Gait 1998; Scaringe et al.
1998). However, for most functional RNAs (from ribo-
zymes to ribosomal RNA), chemical synthesis becomes im-
practical (due to high costs and low yields). The transcrip-
tion—ligation method offers a general procedure to label
RNA at predefined sites. The resulting RNA may be used to
study RNA folding, kinetics, and three-dimensional struc-
ture by fluorescence resonance energy transfer (FRET;
Tuschl et al. 1994; Clegg 1995; Klostermeier and Millar
2001a).

MATERIALS AND METHODS

Reagents

ATP, UTP, GTP, and CTP were from Boehringer Mannheim. T7
RNA polymerase was purchased from Epicentre Technologies. Taq
DNA polymerase, DTT, dATP, dTTP, dGTP, and dCTP were ob-
tained from Promega Life Science Technologies. DNA oligo-
nucleotides were from Integrated DNA Technologies.

The following chemicals were from Sigma-Aldrich-Fluka: eth-
ylenediamine (EDA), Sigma E4379; 1,6-hexanediamine (HDA),
Sigma H2381; biotin N-hydroxysuccinimide ester (biotin-SE),
Sigma H1759; 5(6)-carboxyfluorescein N-hydroxysuccinimide es-
ter [5(6)-FAM-SE], Sigma C1609; N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDAC), Sigma E7750;
6-chloropurine riboside, Sigma C8276; 8-(6-aminohexyl) amino-
adenosine 5'-monophosphate lithium salt (8-HDA-AMP), Sigma
A3771; 1,4-butanediamine (BDA), Fluka 32791; 2,2'-oxydiethyl-
amine dihydrochloride (ODEA), Fluka 75961; 2,2'-(ethylenedi-
oxy)diethylamine (EDODEA), Fluka 03739; 4,7,10-trioxa-1,13-tri-
decanediamine (TOTDDA), Fluka 92892; phosphorus oxychlo-
ride, Fluka 79580; triethyl phosphate, Aldrich T6110-7.

Synthesis of 5’-amino derivatives of
adenosine phosphoramidate

Direct coupling (Chu et al. 1983) of diamines with AMP by the
water-soluble carbodiimide, EDAC, was used to synthesize a series
of six 5'-amino derivatives of adenosine phosphoramidate. The
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reactions and structures are shown in Figure 2A. Briefly, 0.25
pmole of AMP and 5.0 pmole of one of the six diamines (EDA,
BDA, HDA, ODEA, EDODEA, and TOTDDA) were dissolved in
1.0 mL water. The solution pH was adjusted to 6.0-6.5 with 6 N
HCI. Solid EDAC (hydrochloride, 1.5 pmol) was then added to the
AMP-diamine mixture, and the reaction was allowed to proceed
for 2 h at room temperature with constant stirring. Product yields
were determined by reverse-phase HPLC analysis under the fol-
lowing eluting conditions (column, Alltech Expedite C18, 10 X 4.6
mm and flow rate 1 mL/min): 5% MeOH/95% 20 mM phosphate
(pH 7.0) for AMP and EDA reaction; 10% MeOH/90% 20 mM
phosphate (pH 7.0) for the reactions of AMP with BDA, HDA,
ODEA, and EDODEA; 15% MeOH/85% 20 mM phosphate for the
AMP and TOTDDA reaction.

A semipreparative HPLC column (Waters Delta Pak CI8,
300 x 7.8 mm) was used to purify all six 5'-amino derivatives of
adenosine phosphoramidate. For each product purification, the
column was first equilibrated in 100% water. All of the reaction
mixture (1-2 mL) was loaded onto the column, followed by wash-
ing with approximately 30 mL of water. The pure product was
then eluted with 30% MeOH. Collected product solutions were
concentrated under vacuum to a final volume of ~0.5 mL. Con-
centrations of purified 5 -amino derivatives of adenosine phos-
phoramidate were determined by their absorbance at 260 nm,
using a molar extinction coefficient of 15,000 M~ '.cm ™.

Synthesis of N6-amino derivatives of
adenosine 5’-monophosphate

A series of six N6-amino derivatives of AMP were synthesized by
diamine-displacement of 6-chloropurine riboside 5’-monophos-
phate, which was prepared by phosphorylation of 6-chloropurine
riboside with phosphorus oxychloride (Brodelius et al. 1974): To
7.7 mL of triethylphosphate, 3 mmole of 6-chloropurine riboside
was suspended at 0°C. Small fractions of phosphorus oxychloride
(0.56 mL, 6 mmol) were added over a period of 30 min with
constant stirring. The suspension was kept stirring at 0°C for an
additional 1.5 h, when the white suspension became clear solution.
Water (2 mL) was added to hydrolyze the 5'-phosphoryl chloride
to 5’-monophosphate. The solution was then neutralized to pH 5
by NaOH. HPLC analysis (Alltech Expedite C18, 10 X 4.6 mmy;
10% MeOH/90% 20 mM phosphate; flow rate, 0.5 mL/min) in-
dicated near complete conversion of 6-chloropurine riboside to
6-chloropurine riboside 5'-monophosphate. The reaction mixture
was used directly for the synthesis of the following N6 amino
derivatives of AMP.

To 0.1 mmole of the above 6-chloropurine riboside 5'-mono-
phosphate solution, 1 mmole of diamine (EDA, BDA, HDA,
ODEA, EDODEA, or TOTDDA in their free amine state) was
added. After stirring at room temperature for 30 min, the solution
was acidified to pH 3.5 by HCL. HPLC analysis (Alltech Expedite
C18, 10 X 4.6 mm; 100%-70% ammonium formate, pH 3.2, 0%—
30% MeOH; flow rate, 0.5 mL/min) indicated 60%—-90% conver-
sion of 6-chloropurine riboside 5'-monophosphate to N6-amino-
derivatives of AMP.

Products were purified by semipreparative HPLC under the
following conditions: Waters Delta Pak C18, 300 X 7.8 mm; flow
rate, 2 mL/min. The reaction mixture was loaded onto the column
pre-equilibrated with 20 mM ammonium formate (pH 3.2). Prod-
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ucts were eluted with 30%-50% MeOH. Collected product solu-
tions were concentrated under vacuum and re-injected back onto
the semipreparative column that was equilibrated in 100% water.
After washing with 20-30 mL of water, the product was eluted
with 50% MeOH. After concentration of collected product frac-
tions, concentrations were determined by absorbance at 267 nm
(46, = 18,500 M".cm™") (Brodelius et al. 1974).

Synthesis of 5’- and Né6-fluorescein derivatives
of AMP

Fluorescein-tagged nucleotides of the above 5'- and N6-amino
derivatives of adenosine phosphoramidate and AMP were pre-
pared by reacting the 5'- and N6-amino derivatives with 5(6)-
carboxyfluorescein N-hydroxysuccinimide ester (FAM-SE) ac-
cording to the following procedure: to 5 pL of 0.4 M 5'-amino
derivatives of adenosine phosphoramidate or N6-amino deriva-
tives of AMP, 5 pL of 1 M NaHCO; (pH 8.0) and 10 uL of 0.2 M
5(6)-FAM-SE solution (freshly made in DMSO) were added. The
reaction mixture was incubated for 30 min at room temperature.
HPLC analysis (Alltech Expedite C18, 10 x 4.6 mm; 30%—40%
MeOH and 70%—-60% 20 mM KH,PO,, pH 4.6) showed 70%—
90% fluorescein conversion to a pair of isomers (5 and 6) of
fluorescein-tagged nucleotides.

Purification was performed by HPLC under the following con-
ditions: Reaction solution was loaded in 25%-40% MeOH and
75%-60% KH,PO,. After 15-30 min, the MeOH concentration
was increased by 5%. Two fractions containing 5-fluorescein and
5-fluorescein nucleotides were collected and concentrated under
vacuum. Their concentrations were determined by absorbance at
492 nm in 20 mM phosphate buffer (pH 7.0), using &,4, = 80,000
M .em™

Synthesis of 5'- and N6-biotin derivatives of AMP

Seven biotinyl compounds of 5'- and N6-amino derivatives of
adenosine phosphoramidate and AMP were prepared by reaction
with biotin N-hydroxysuccinimide ester (biotin-SE). To a mixture
of 20 pL of 0.4 M amino derivative of AMP or adenosine phos-
phoramidate and 10 uL of 1 M NaHCOj, 20 pL of freshly made 0.2
M biotin-SE solution (in DMSQO) was added. The reaction mixture
was allowed to incubate for 30 min at room temperature. HPLC
analysis (Alltech Expedite C18, 10 x 4.6 mm; 30% MeOH/70% 20
mM KH,PO,, pH 4.6) showed 40%—60% conversion of amino
derivatives of AMP and adenosine phosphoramidate to biotin-
tagged nucleotides.

Product purification was achieved by HPLC under the following
conditions: all of the reaction mixture was loaded onto a Waters
Delta Pak C18, 150 X 3.9 mm, equilibrated in 100% water. After
5-10 min, the mobile phase was changed to 15%-20% MeOH.
One major fraction containing the product biotin nucleotide was
eluted. Collected biotin nucleotide solutions were concentrated,
and concentrations were determined by absorbance at 260 nm,
assuming &,,, = 15,000 M~ '.cm ™.

Incorporation of 5'- and N6-amino, fluorescein, and
biotin derivatives into RNA by in vitro transcription

For all RNA transcription experiments, the promoter sequence
was derived from the T7 $2.5 promoter (Dunn and Studier 1983;

Huang et al. 2000; Huang 2003). The RNA sequence was a 35-mer
used in previous transcription studies (Huang 2003): AGGGA
AGCGGGCAUGCGGCCAGCCAUAGCCGAUCA. Transcription
was carried out under the following conditions (final concentra-
tions): 1 mM each of UTP, GTP, and CTP, 0.25 mM ATP, 40 mM
Tris (pH 8.0), 6 mM MgCl,, 2 mM spermidine, 0.01% Triton
X-100, 5 mM DTT, 0.2 uM DNA templates, and 5 units/pL T7
RNA polymerase. In addition, different concentrations of a tran-
scription initiator (5'-amino derivatives of adenosine phos-
phoramidate, N6-amino derivatives of AMP, or their fluorescein
and biotin derivatives) were added. The radiolabel, a->?P-ATP
(NEN Life Science), was also included in transcription solutions to
internally label RNA transcripts. All transcription reactions were
incubated for 2 h at 37°C before product analysis by 8% denatur-
ing PAGE.

Posttranscriptional fluorescein labeling
of 5’-amino-RNA

Fluorescein labeling of 5'-NH,-RNA (prepared above as internally
*?P-labeled RNA) was achieved by reaction with FAM-SE in a total
volume of 2 pL containing 0.5 M NaHCOj; and 0.1 M FAM-SE
(freshly prepared in DMSO). Reactions were incubated for 30 min
at room temperature. A gel-loading dye solution (8 uL) was then
added, and 1 pL of samples was loaded onto an 8% denaturing gel
for analysis.

RNA quantitation

After polyacrylamide gel electrophoresis, the intensity of indi-
vidual RNA bands was quantitated through phosphorimaging
(Molecular Imager, Bio-Rad Laboratories). Different RNA bands
were analyzed through profile integration after horizontal back-
ground subtraction. The yields of derivatized RNA (5'-amino,
fluorescein, and biotin) were calculated according to a previously
established procedure (Huang 2003). The relative intensity of
pppRNA bands (N, N+1, and N+2 bands) in the absence of an
AMP derivative (lane 1 in Figs. 1, 4, 5, 6) was first calculated. The
relative intensity of all bands from a derivatized RNA lane was
then quantitated. The change in relative intensity among different
RNA bands was used to calculate derivatized RNA product yields.
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