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Abstract

Ž .A new fluorescent analogue of GTP Cm-GTP was synthesized, which contained a coumarin fluorophore attached
to the gamma phosphorus. This compound was tested in transcription assays using T7 RNA polymerase as a model
system. The fluorescent nucleotide was incorporated specifically at the 5� end of nascent RNA synthesized in two

Ž .different modes of transcription initiation. In the first mode, with only Cm-GTP �GTP , reiterative slippage
synthesis occurred and poly rG ladders of up to 14 nucleotides were synthesized. In the second mode, with Cm-GTP
Ž .�GTP �ATP�CTP, abortive transcripts of up to seven or eight nucleotides were synthesized. The fluorescence
properties of the two types of RNA were studied in detail. There was greater reduction in fluorescence intensity in
G-ladders than in abortive transcripts. Steady-state anisotropy and anisotropy decay indicated that the fluorophore
motion was constrained in G-ladder RNAs as compared to abortive RNAs. Quenching experiments by using
extraneous quenchers showed that the excited state of fluorophore at the 5� end of G-ladder RNA was less efficiently
quenched as compared to the free fluorophore. These studies suggested that the fluorescent GTP analogue sensed
the structural features that distinguished G-ladder RNAs from abortive RNAs. The results suggested that G-ladder
RNAs adapt unusual conformations such as G-quartets. Thus, the new fluorescent probe can be useful for structural
studies on RNA. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Fluorescence is a versatile and highly sensitive
technique for studying macromolecular interac-
tions in biology. Fluorescence has the distinct
advantage of being a non-invasive and non-dis-
ruptive technique that can be used to probe RNA
and DNA structures and their interactions with

Žproteins numerous examples are given in refs.
� �.1,2 . An example of a fundamental biological
process that has received many applications of

Žthe fluorescence technique is transcription e.g.
� �.3�6 . In these studies, typically a ribo-
nucleotide-conjugated fluorophore is incor-
porated into RNA and changes in the fluores-

Žcence properties e.g. intensity, lifetime, aniso-
.tropy etc. of the probe are measured in response

to known changes in fluorophore environment.
Quantitative analyses of the changes in spectral
properties of the fluorophore are interpreted in
terms of structure and interactions of the fluo-
rophore-labeled RNA. A number of nucleotide
analogues with fluorescent groups have been syn-
thesized. However, a majority has the fluorescent
group attached to the nucleobase itself or have

Ž � �fluorescent nucleobase mimics e.g. �-ATP 7,8 ,
� �isoxanthopterin, a guanine analogue 9 , 2-amino

� �.purine 10,11 . A potential drawback of modify-
ing a nucleobase is that this could interfere with
normal base pairing in nucleic acids or change
the efficiency of utilization of the modified nu-
cleotide by enzymes such as RNA and DNA
polymerases. Problems could also arise if the
modified nucleic acids were to fold to form speci-
fic conformations.

Here, I will report the synthesis of a new fluor-
escent GTP analogue that has a coumarin fluor-

Ž .ophore attached to the �-phosphate Cm-GTP . I
will demonstrate that this analogue is utilized by
an RNA polymerase as efficiently as its natural
counterpart. Furthermore, Cm-GTP’s ability to
sense conformational changes in RNA and its
potential usefulness in studies of nucleic acid
structure are demonstrated.

I chose transcription by T7 RNA polymerase as
a test case for Cm-GTP because this prokaryotic
RNA polymerase displays two types of transcrip-
tion initiation that result in radically different

RNA products: abortive RNAs; and slippage
� � ŽRNAs 12 . Slippage synthesis also called stutter-

.ing occurs with only GTP. Abortive synthesis, on
the other hand, occurs in the presence of all four
NTPs. Both modes of transcription initiation oc-
cur on native T7 RNA polymerase promoter.
Slippage synthesis results in a monotonous poly-
rG RNA of up to 14 nts, whereas abortive tran-
scription results in up to 7�10 nts of RNA con-
taining at least three of the four nucleotides.
Thus, we have a good example in which two
different species of RNA are made by the same
enzyme. It is a well-known fact that poly-G con-
taining nucleic acids form a large family of un-
usual structures collectively called G-quartets
Ž � �.reviewed in refs. 13,14 . Thus, it is almost axio-
matic to suppose that poly-G ladders may display
unusual conformations compared to abortive
transcripts. I wished to test if the fluorescent
Cm-GTP analogue could react differently to dif-
ferences in RNA conformations between poly-G

Ž .RNA slippage reaction and mixed sequence
Ž .RNA abortive reaction . The results indicate that

the new fluorescent Cm-GTP analogue can be
potentially used to distinguish unusual conforma-
tions in RNA and to possibly study RNA-protein
interactions in the future.

2. Materials and methods

T7 RNAP was prepared employing published
� �procedures 15,16 . GTP and 7-amino-4-methyl-

Ž .coumarin Cm and other chemicals were pur-
chased from Sigma-Aldrich.

2.1. Synthesis of Cm-GTP

The synthesis was carried out in a similar man-
� �ner as described before with some changes 17,18 .

Twenty-five milligrams of GTP was dissolved in 1
Ž .ml of 125 mM 2- N-morpholino -ethanesulfonic

Ž .acid buffer pH 5.2 followed by the addition of
Ž .477 mg of 1-cyclohexyl-3,2- morpholinoethyl car-

Žbodiimide metho-p-toluenesulfonate coupling
.agent . Two hundred milligrams of benzyltributyl-

Ž .ammonium chloride phase transfer catalyst was
then added and the mixture was fully dissolved by
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Ž .gentle rotation at room temperature 25�C for
2.5 h. One hundred and eighty-five milligrams of
Cm in 2 ml of dimethylformamide was added and
the mixture was stirred for 4 h at room tempera-
ture. Portions of this solution were either sub-
jected to analysis by TLC or were fractionated by

Ž .using diethylaminoethyl sepharose Pharmacia
followed by anion exchange HPLC. Cm-GTP

Ž .�20% final yield was eluted with a linear gradi-
ent of 0�0.5 M triethylammonium acetate or tri-

Ž .ethylammonium bicarbonate buffer pH 7 . The
fluorescence quantum yield of Cm-GTP was de-
termined relative to quinine sulfate in 0.1 N sul-

Žfuric acid as a reference standard E �330 nmx
. � � Žand E �440 nm, � �0.51 19 . Cm-GTP �m F 342

�1 �1 .��6000 M cm , � �0.005 was identifiedF

Ž . Ž . Ž . Ž .Fig. 1. a Structure of Cm-GTP. b Comparative UV-VIS absorption spectra of GTP top , Cm middle and Cm-GTP.
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Fig. 2. Emission spectra of Cm, Cm-PP and Cm-GTP. Excita-i
tion was at 350 nm.

Žby absorption�fluorescence spectra Figs. 1 and
.2 and by polyethyleneimine-cellulose TLC. The

final product was visible as a single spot under
UV illumination of TLC plates, which were devel-

� Žoped at room temperature with NH COO pH4
.10.5 . The product was greater than 98% pure

Cm-GTP. Cm-GTP was stored in MeOH�H O2
Ž .50% v�v at �20�C. The synthetic reaction was
a facile one with no stable intermediates as indi-
cated by TLC.

2.2. Digestion with phosphodiesterase

One to two micromoles Cm-GTP was sus-
Žpended in 700 �l of 110 mM Tris�HCl pH

.8.9 �20 mM MgCl �100 mM NaCl and the2
emission spectrum was taken by excitation at 340

Ž .nm see below . Thirty micrograms of Crotalus
adamanteus crude venom phosphodiesterase I
Ž .Sigma was added and the reaction was in-
cubated at 37�C for 6�8 h. The reaction was
clarified by centrifugation in a microfuge and the
supernatant was transferred to a cuvette and the
emission spectrum was recorded. Under the con-
ditions of digestion �90% of Cm-GTP was hy-
drolyzed, as checked by TLC.

2.3. Fluorescence spectroscopy

Steady-state intensity spectra and anisotropy

data were acquired by using a JOBIN
ŽYVON�SPEX fluorolog Instruments, S.A. Inc.,

.NJ equipped with polarizers. Lifetime data and
phase angles for anisotropy decay were acquired

Ž .with the fluorolog 3 � model SPEX . Steady-
state�anisotropy measurements were made at
37�C whereas, lifetime and anisotropy�anisotropy
decay data were acquired at 23�C because
lifetimes of reference compounds were reliable
only at room temperature. The instruments were
calibrated by using Xe lamp intensity spectra and
water Raman emission spectra before all experi-
ments commenced. The reference and experi-
mental samples were loaded in temperature-con-

Žtrolled fused quartz square cuvettes 0.7 or 1.0
.ml that were held in a rotary turret with constant

stirring. For steady-state data acquisitions, the
excitation was usually at 340 nm and the emission
was either at 450 nm or in the indicated range
with the monochromator bandpass set at 5 nm.
Each final scan was an average of two or three
individual scans. Spectra were corrected for wave-
length-dependent Xe lamp output intensity fluc-
tuation and photomultiplier response by using a
reference detector. Measurements were taken in

Ž . Ž0.6�1.0 ml final of transcription buffer 30 mM
Hepes pH 7.8, 100 mM K� Glutamate, 15 mM

Ž . � �.Mg OAc , 1 mM DTT, 0.05% Tween-20, 202
containing a constant concentration of Cm-GTP
Ž .�unmodified NTP and different concentrations
of T7 RNAP. Additions of T7 RNAP storage
buffer had no effect on fluorescence intensity.
For the extrinsic quenching experiments, the
quencher was added to the reactions by using
concentrated stock solutions to minimize volume

Ž .changes 5�10%-change in the total volume . The
Stern�Volmer quenching constant was calculated

� � � �by using the equation in 21 : F �F�1�K Q ,0 sv
where F and F are the fluorescence intensities0
with and without the quencher, respectively, Ksv

� �is the Stern�Volmer quenching constant and Q
is the concentration of quencher. The bimolecu-
lar quenching constant was calculated from the

� � ² :relation 21 : k �K � � , where k is the bi-q sv q
² :molecular quenching constant and � is the in-

tensity-average fluorescence lifetime of the fluo-
Ž .rophore 6.14 ns .

Anisotropy was measured by using the L-format
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� �method 1 . The excitation and emission
monochromators were set at 340 and 450 nm,
respectively. The alignment of the polarizers was

Žchecked by using magic angle 54.7�, anisotropy�
.0 and a dilute solution of glycogen in water, as a

Ž .scattering agent anisotropy�0.99863 . The G-
factor was measured and the data were auto
corrected for dark current. Anisotropy was calcu-

Ž .lated by a computer program SPEX by using
Ž .Eq. 1 :

Ž . Ž .r� I �GI � I �2GIVV VH VV VH

where, I is the fluorescence intensity with polariz-
Ž .ers oriented either vertically V or horizontally

Ž .H , the first and second letters indicate the
excitation and emission polarizer orientations, re-
spectively and G�I �I , which is a correctionHV HH
factor for the different transmission efficiencies
of the emission monochromator for vertically and
horizontally polarized light. Each anisotropy value
was the average of five independent measure-

Ž .ments S.E.�0.1% .
�² :�Average lifetime � was acquired by using

� �the phase-shift and demodulation method 1 . The
standard-lifetime compounds were: p-Terphenyl
Ž . �lifetime 1.0 ns ; and 1, 4-bis 5-phenyl-2-

� Ž .oxazolyl benzene lifetime 1.3 ns . A scattering
Ž .agent, glycogen in water 0-ns lifetime was used

to correct for baseline fluctuations during lifetime
acquisition. Lifetimes of the experimental sam-

�ples were measured against 1, 4-bis 5-phenyl-2-
�oxazolyl benzene in MeOH. Excitation was at 340

nm and emission was measured by using the
ŽT-detector fitted with a neutral density filter KV

.399, Schott to cut-off stray light below 399 nm.
The AC�DC signals were balanced for the refer-
ence and for the experimental samples. Fifteen
modulated excitation frequencies ranging from 10
to 200 MHz were synthesized. A minimum of five
and a maximum of 10 repeat measurements of
phase and demodulation were taken. The inten-
sity-average lifetime was calculated from the frac-

Ž . Ž .tional amplitude 	 and lifetime � using both
the phase-shift and demodulation data. Post-ex-
periment lifetime modeling program version 2.1
Ž .SPEX was used to fit the data to a double-ex-
ponential decay model, giving fits with good 
2

Ž .values 1.1�1.9 . Fitting the lifetime data to a
single-exponential model gave unacceptable 
2

values.
Time-dependent anisotropy decay was mea-

sured by differential polarized phase fluorometry.
In practice, this technique is similar to the lifetime
acquisition procedure described above, except that
the modulated excitation and emission are mea-
sured through polarizers. The fluorophore in
transcription reactions was excited through verti-
cally positioned polarizers with frequency-mod-
ulated 340-nm light. The phase angle of the emis-
sion was measured with polarizers oriented either
parallel or perpendicular relative to the vertically
polarized excitation by using the T-detector fitted

Ž .with the neutral density filter see above . The
phase difference is given by ��� �� where,� 	 ,
� is the perpendicular component of the phase�
angle and � is the parallel component of the	
phase angle of the emission. The phase differen-
tial is an indirect measure of the anisotropy decay
Ž .r t because it is sensitive to the rate of fluo-

rophore rotational depolarization. The rotational
correlation times were obtained by fitting the
phase data to a three-exponential model using
anisotropy decay modeling program version 2.2
Ž .SPEX .

3. Results

3.1. Synthesis and characterization of Cm-GTP

A coumarin fluorophore was attached to the
�-phosphate of GTP by using a well-defined cou-

Ž .pling method Fig. 1a . This facile coupling reac-
tion occurred without stable intermediates and
yielded coumarin conjugation to the �-phos-
phorus position in GTP. The Cm-GTP derivative
was characterized by polyethyleneimine-cellulose

Žthin layer chromatography Cm-GTP R �0.43,f
.GTP R �0.75, data not shown , UV-absorbancef

Ž . Ž .Fig. 1b and fluorescence Fig. 2 . Cm-GTP was
purified from unmodified compounds by DEAE-
sepharose chromatography followed by HPLC.
The absorption spectrum of purified Cm-GTP
bore the characteristic coumarin peak centered at
343 nm, which was less intense than the corre-
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sponding peak from free Cm. And the slightly
Ž .blue-shifted peak 250 nm represented the gua-

Ž .nine base Fig. 1b . The fluorescence spectrum of
Cm-GTP showed an emission band centered �

Ž .440 nm, which is characteristic of Cm Fig. 2 .
There was a three-fold decrease in emission in-

Ž .tensity from Cm-GTP � ��0.004 as com-F
Ž .pared to that from free Cm � �0.01 and veryF

Ž .little change �2-nm red shift in the emission
Ž .maximum Fig. 2 . A product of transcription with

Cm-GTP is Cm-PP , which was generated byi
cleavage of Cm-GTP with venom phosphodi-

� �esterase I 3,4 . The fluorescence of Cm-PP wasi
Žonly slightly more intense �10�15% higher in-

. Ž .tensity at 
 than that of Cm-GTP Fig. 2 .max
The UV-VIS absorption spectra of the sample of
Cm-GTP digested with phosphodiesterase showed
a corresponding increase in the absorption peak

Ž .centered at 343 nm not shown . However, there
was no shift in the absorption maximum for the
Cm moiety. These results indicated that the ap-
parent fluorescence quantum yield of the two Cm

Ž .derivatives Cm-GTP and Cm-PP were more ori
less the same.

3.2. Transcription with fluorescent nucleotide

To test if Cm-GTP was a substrate for T7
RNAP, I performed transcription by using a G-
ladder RNA slippage synthesis assay, which con-
tained unlabeled Cm-GTP mixed with trace

� 32 �amounts of 	- P GTP. The plasmid DNA tem-
plate pBluescript, which was used in this assay,
has a T7 RNAP promoter, which initiates with

ŽGGGCGAA etc. With only Cm-GTP and�or
.unmodified GTP a G-ladder was synthesized by

Ž .T7 RNAP in a slippage reaction Fig. 3a . This
result shows that Cm-GTP is efficiently utilized
by T7 RNAP to incorporate GMP into RNA. In
this reaction, because the concentration of Cm-

Ž .GTP or GTP is much greater than the concen-
� 32 �tration of 	- P GTP most of the GMP comes

Ž . Ž .from Cm-GTP or GTP Fig. 3 . The enzyme
Ž .active site 3� RNA terminus undergoes slippage

between position �1C to �3C on the template
� �12 . The G-ladder with Cm-GTP was similar to
that with unmodified GTP, except that the indi-

vidual RNA rungs appeared to have slightly slower
mobilities compared to their normal counterparts
because the 5� end of the RNAs contained a

Ž .Cm-GTP instead of an unmodified GTP Fig. 3a .
Thus, Cm-GTP was a good substrate for T7
RNAP. To compare the utilization of Cm-GTP
with its natural counterpart, GTP, I mixed
equimolar concentration of the two nucleotides in
the same transcription reaction. Because the
modified and unmodified G-ladders have differ-
ent apparent mobilities, one sees them as distinct

Ždoublet bands in the same lanes Fig. 3b, lanes 3
.and 4 . The upper band in each doublet corre-

sponds to the RNA with 5� Cm-GTP whereas, the
lower band is the unmodified RNA. In this com-
petition assay, it appears that both Cm-GTP and
GTP were incorporated by T7 RNAP in a quanti-
tatively similar manner. Quantitation of the in-

Žtensities of the doublet bands in Fig. 3b lanes 3
.and 4 suggested that the amount of incorpora-

Ž .tion of Cm-GTP was only slightly lower by 2�3 x
relative to GTP. This difference, when translated

Žinto kinetic constants � few-fold change in Km
.and V between Cm-GTP and GTP is notmax

significant, especially under the steady-state tran-
scription conditions used in this work where the
nucleotide concentrations were not limiting.

Because a modified form of GTP was incor-
porated into RNA, it was important to test if
RNAP-RNA interactions could contribute to

Ž .changes in fluorescence see below . In other
words, the stability of RNA in ternary complexes
could affect changes in fluorescence. To test the
stability of RNA�RNAP complexes, a mem-

� �brane filter-binding assay was used 22 . The re-
sults indicated that complexes with longer RNA
Ž . Ž .14 mer were the most stable Fig. 3b, lane 1 .
ŽNote, free RNA was not retained in the filter-

.binding assay . Addition of SDS disrupted the
stable complexes indicating that the transcript

Ž . Ž .was bound to protein T7 RNAP Fig. 3, lane 2 .
A longer exposure of the X-ray film revealed that
complexes containing 10�14 mer RNAs were
more stable than the shorter ones. These results
are in qualitative agreement with a previous re-

� �port 23 . Approximately 10% of the incorporated
32 P in RNA were retained as 14 mers and above,
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and 80% of these T7 RNAP-RNA complexes
were retained on the filters. These molecules are

Ž .a minor fraction �1�2% of the total number of
RNA molecules in the reaction. Thus, in the total
mixture of RNAs being synthesized under
steady-state conditions, only a very small fraction
of RNAs in the range of 10�14 mers are stably
bound to the enzyme. Most of the RNA produced
during poly-G ladder synthesis must be free.

I also examined the rate of abortive initiation
and the stability of abortive initiation complexes.

ŽWith pBluescript template and Cm-GTP plus a
� 32 � .trace amount of 	- P GTP �CTP�ATP, T7

ŽRNAP synthesizes up to 7-mer RNAs 5�GG-
.GCGAA because UTP, which is required at the

eighth position, is missing. Under these condi-

tions, abortive initiation occurred with high fre-
quency, and transcripts up to 7-mers and, to a
much lesser extent longer ones, were observed
Ž .Fig. 4a . The longer transcripts may have arisen
owing to traces of UTP generated via sponta-
neous cytosine deamination or from a minor tran-
scription pathway in which, slippage was followed

Ž . Žby extension 3�7 . Note: the length assignment
for abortive transcripts was based on comparisons

� � .with a more extensive previous study 23 . Fig. 4b
Ž .lane 3 shows that abortive RNAs were retained
in the filter binding assay with only very low
efficiency and with no specific length preference.
Thus, in the abortive initiation reaction as well,
most of the RNA containing the fluorophore must
be free.

Ž . Ž . Ž .Fig. 3. a Denaturing urea-acrylamide gel showing G-ladder synthesis using either unmodified GTP U or Cm-GTP Cm . The
Ž . � 32 �numbers indicate the length of RNAs in the ladders. GTP and Cm-GTP were unlabeled �1 mM and 	- P GTP was used as a

Ž . Ž . Ž .tracer 0.7 �M . b Stability of G-ladder complexes was tested by using a PE81 Whatman filter-retention assay. The filters were
mounted on a filtration device, washed with water and then wetted with 2 ml of transcription buffer. Thirty minute transcription

Ž .reactions 50 �l were then applied to the filter without suction and the filter was washed with 5 ml of transcription buffer under
gentle suction. To elute the bound RNA, the filters were then transferred into a 200-�l solution of 1% SDS�50 mM EDTA at
37�C for 1 h. The eluted RNA was precipitated with EtOH and sodium acetate. The RNA samples were run on a denaturing
urea-acrylamide gel. Lane 1 shows filter-bound RNAs and lane 2 shows filter-retained RNAs following the addition of SDS to the

Ž .complexes. Lane 3 and 4 are transcription reactions with equimolar concentrations �50 �M of Cm-GTP and GTP in the same
reaction. Lane 3 contained lesser amounts of radioactivity than in lane 4. Lane 5, DNA markers, numbers between lanes 2 and 3
indicate the length of G-ladder. Numbers on the right indicate the sizes of the DNA markers.
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Ž . Ž .Fig. 4. Time course of abortive transcription a and stability of abortive transcripts b . Panel A: time course; lanes 0 through 6, are
0, 0.5, 1, 5, 15, 25 and 40 min, respectively. Panel B, PE81 filter-retention assay for ternary complex stability. Lane 1: control, no
transcription; lane 2: abortive transcripts before filtration; and lane 3: shows filter-retained abortive transcripts. The numbers
between the panels indicate the length of abortive transcripts.

3.3. Fluorescence assay for transcription

Addition of increasing amounts of T7 RNAP to
Cm-GTP under conditions of transcription re-
sulted in decrease in the fluorescence intensity
Ž .Fig. 5a . Here, Cm-PP was being generated asi
Cm-GTP was consumed. There are three species
of fluorophores viz., Cm-GTP, Cm-PP andi
RNA-incorporated 5� Cm-GTP. Because the rela-

Žtive fluorescence intensity and hence quantum
.yield of Cm-GTP and that of Cm-PP were nearlyi

Ž .the same Fig. 2 , hydrolysis of nucleotide was
Žruled out as the cause of quenching. There was

no apparent difference in fluorescence intensity
between transcription buffer and phosphodi-
esterase buffer and a change in intensity-aver-

.aged lifetime was also ruled out, see below. A
time scan of fluorescence signal after the addition

Ž .of T7 RNAP t showed that there was a gradual0
decrease in fluorescence intensity as transcription

Ž .occurred Fig. 5b , but essentially no change when
Ž .T7 RNAP was omitted not shown . Fig. 5c shows

that under conditions similar to those employed
in the fluorescence assay, G-ladder synthesis oc-
curred in a stoichiometric manner with each addi-
tion of T7 RNAP and that transcript synthesis
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Fig. 5. Panel A: fluorescence assay for Cm-GTP incorporation by T7 RNAP during G-ladder transcription. Curves 0�4 are with 0,
0.5, 0.75, 2 and 2.5 �M T7 RNAP, respectively. Higher enzyme concentrations were not tested because of the rise in interference

Ž . Ž . Ž .from light scattering. Standard transcription reactions 15 min contained either Cm-GTP �30 �M �unlabeled GTP 500 �M
Ž . Ž . Ž .or Cm �20 �M �pBluescript DNA template 3 �g in transcription buffer see Section 2 . Panel B: change in fluorescence

Ž . Ž .intensity following the initiation of transcription t . Transcription reaction contained T7 RNAP 3 �M and 1 mM GTP�30 �M0
Ž .Cm-GTP. The fluorescence of the reaction was continuously monitored at 450 nm E �340 nm . Panel C: G-ladder synthesisx

assay. Assay conditions were similar to those used in the fluorescence assay of panel A except that the reactions contained a trace
� 32 �amount of 	- P GTP. Lanes 0 through 7 indicate concentrations of T7 RNAP used, 0, 0.5, 1, 1.5, 2.5, 4, 6 and 7 �M, respectively.

The numbers on the right side indicate the length of the G-ladder.

was complete within the time scale of the fluo-
rescence assay. In control experiments using Cm
alone with T7 RNAP, the fluorescence intensity

Ž .did not change not shown . Thus, T7 RNAP and
nucleotide-incorporation into RNA were neces-
sary for the observed intensity changes. Omission
of DNA template from the transcription reaction

Ž .resulted in a very insignificant decrease 4�5% in
fluorescence. This was presumably due to non-
specific binding or binding at the initiation site.
However, no time-dependent decrease was
observed, in contrast to the experiment shown in
Fig. 5b. Together, these results substantiate the
finding that fluorescence was quenched because
Cm-GTP was incorporated in to poly-G RNA
ladders.

Because the rate of Cm-GTP utilization was
Ž .similar to that of GTP Fig. 3 , it was estimated

that approximately 30% of Cm-GTP was con-
sumed. This was determined by spiking the reac-

� 32 �tion with 	- P Cm-GTP. Approximately 8�10%
of the input Cm-GTP was incorporated at the 5�

�end of RNA. This estimate was done using �-
32 �P GTP, which, like Cm-GTP, is only incor-
porated at the 5� end of RNA. These are upper
limit estimates because GTP is slightly better
than Cm-GTP as a substrate. In the transcription

Žreaction with Cm-GTP, there was Cm-PP bothi
.enzyme-bound and free and 5� RNA-incorpo-

Žrated Cm-GTP. The fluorescence intensity and
.hence the apparent quantum yield of free Cm-PPi

was not significantly different from that of free
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Ž .Cm-GTP Fig. 2 . The binding of PP in the activei
site of the polymerase is quite weak and transient
� �24 . Therefore, it is unlikely that enzyme-bound
Cm-PP could have contributed significantly toi
fluorescence quenching. The filter-retention assay
showed that RNA molecules only in the size
range of 10�14 mer were stably bound to T7

Ž .RNA polymerase Fig. 3 . The fraction of Cm-
GTP at the 5� end decreases with increasing
length of the poly-G ladder. The fraction of Cm-
GTP at the 5� end of these molecules is very

Ž .small �1% compared to the majority Cm-GTP
at the 5� end of poly-G RNAs in the 2�9 mer size.
Thus, the quenching of fluorescence cannot be
attributed to the polymerase-bound poly-G ladder
either because under steady-state transcription,

Ž .this fraction is very small and constant Fig. 3b .
Ž .Thus, some fluorescence quenching Fig. 5a is

due to incorporation of Cm-GTP in RNA.

I repeated the fluorescence assay under condi-
tions of abortive cycling. Under these conditions
abortive transcripts up to 7 or 8 nts were synthe-

Ž .sized in a stoichiometric manner Fig. 6b . How-
ever, in the fluorescence assay there was much

Ž .less decrease only up to �6%, Fig. 6a in fluo-
rescence intensity than had been seen with the

Ž .G-ladder synthesis �25%, Fig. 5a . In both G-
ladder synthesis and abortive modes, regardless of
RNA length, each RNA molecule carries only
one fluorophore, Cm-GTP at its 5� end. However,
the RNAs made in abortive cycling reactions did

Žnot contain as many rGs only 3 rG in a row per
.molecule . The difference in the degree of fluo-

rescence quenching in G-ladder synthesis vs.
abortive initiation assay must be due to differ-
ences in microenvironment of the fluorophore. I
suggest that this is because the poly-G RNA
ladders may adapt unusual conformation such as

Fig. 6. Panel A: fluorescence assay for abortive transcription with Cm-GTP�GTP�CTP�ATP. Conditions for transcription and
Ž .spectra acquisition were similar to those in Fig. 5. The concentrations of CTP and ATP were 1 mM. The curve numbers 0, 2.5

Ž .indicate the concentrations �M of T7 RNAP used. The intermediate curves were generated using 0.2, 0.4, 0.8, 1.0, 1.2, 1.4 and 2.0
�M T7 RNAP. Panel B: abortive transcription assay. Assay conditions were similar to the fluorescence assay in panel A except that

� 32 �the reactions contained a trace amount of 	- P GTP. Lanes 0 through 7 indicate concentrations of T7 RNAP used, 0, 0.5, 1, 1.5,
2.5, 4, 6 and 7 �M, respectively. The numbers on the right side indicate the length of the abortive transcripts.
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� �G-quartets 13,14 and the abortive RNAs do not
Ž .see Section 4 .

To better understand the photophysical basis
for the decrease in fluorescence intensity in G-
ladder reactions, I measured the average lifetime
Ž .Fig. 7 . The intensity-average lifetime of free

�² : �Cm-GTP � ��5 ns was slightly longer than
Žthe reported lifetime values for Cm note, � for

� �Cm is �2 ns in organic solvent 25,26 . Due to
low solubility, � in aqueous buffer has not been

.measured . However, more importantly, the in-
�² : �tensity-weighted average lifetime � �6.14 ns

of the fluorophore was the same under various
Žtranscription conditions hence all the data sets

are not shown here, see Fig. 7 for a sample data
.set . Here, the fluorescence is dominated by a

Ž .single component 	 � 0.87 with a longer2
Ž .lifetime 4.72 ns . This is probably because the

lifetime differences, if any, of the components in
the transcription reactions, Cm-PPi and Cm-GTP
in RNAs, were too small to be resolved and only
an average value was obtainable. Hence, it is
likely that the average lifetime is a composite
value from all the species in the transcrip-

tion reaction. The concentration of coumarin
molecules in transcription reaction does not

Ž .change. However, the fluorescence intensity
quantum yield is not an energy ratio but it is

�Žrelated to non-radiative processes � �����F
.Ýk where, � is the rate of radiative decay andi

Ýk is the sum of all rates of non-radiative decayi
�processes . Because there was no change in the

Ž .average lifetime �6 ns during transcription, the
fluorescence quenching during G-ladder synthesis
Ž .Fig. 5 must be due to static or quasi-static

Ž .quenching ground-state heterogeneity , thereby
accounting for the lower apparent quantum yield
due to non-radiative decay processes. But how
can an 8�10% incorporation of Cm-GTP in 5�
RNA produce �25% quenching effect even if we
assume that all the incorporated Cm is in
ground-state non-fluorescent complex? It is possi-

Ž .ble that additional dynamic collisional quench-
ing processes that depopulated the excited state
may have occurred. These may involve small de-

Ž .creases in lifetime that I could not detect .
Clearly, more photophysical experimentation is
needed to clarify the mechanism of quenching.

Ž . Ž .Fig. 7. Frequency-domain fluorescence lifetime modeling. Top panel: phase boxes and modulation circles data were fitted to a
two-exponential lifetime model. The lines indicate the fit of the data. Lower Panel: the goodness of fit was assessed using the
random distribution of weighted residuals, which corresponds to the difference between the experimental and calculated values
normalized by the experimental errors for the phase and demodulation. The typical lifetime decay parameters for G-ladder

² : 2synthesis: 	 �0.12; � �0.76; 	 �0.87; � �4.72; � �6.14; 
 �1.79, where 	 is the fractional amplitude associated with each1 1 2 2
Ž . 2lifetime concentration of the component, pre-exponential factor , � is the lifetime in ns. The 
 value indicates the goodness of fit,

² : 2� is the intensity-average lifetime in ns, which was calculated using the expression Ý	 � �Ý	 � .i i i i
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However, because my focus is to demonstrate the
usefulness of the new fluorescent probe, I did not
further pursue this line of work.

Alternatively, it is possible that fluorescence
intensity decreased because of the high purine
content of G-ladder RNA. Fluorescence quench-
ing in purine rich oligonucleotides due to nearest

Ž � �.neighbor effects is well known e.g. 9,27 . How-
ever, in our case, this explanation is unlikely

Ž .because: 1 the fluorophore is in a terminal posi-
Ž .tion; and 2 the nearest neighbors in the G-

ladders as well as in the abortive transcripts are
Ž .the same purines GGG . Thus, differences

between G-ladders and abortive transcriptions in
terms of the magnitude of fluorescence quench-
ing are not due to RNA sequence differences per
se but due to differences in RNA conformation.

3.4. Rotational dynamics of fluorophore in poly-G
ladders

To gain further insights into the microenviron-
ment of the fluorophore in transcription reac-
tions, I measured steady-state anisotropy and
anisotropy decay. Anisotropy is related to the
rotational diffusive motions of the fluorophore
during the lifetime of the excited state, which
indicates the viscous drag imposed on the fluo-

� �rophore 1 . Anisotropy measurements do not re-
quire the separation of bound fluorophore from
the free fluorophore. Anisotropy is sensitive to
increasing molecular mass and changes in macro-
molecular conformation.

During G-ladder transcription, steady-state
anisotropy increased with T7 RNAP concentra-

Ž .tion Fig. 8 . As shown previously, with higher
concentration of polymerase there was greater

Ž .accumulation of poly-G molecules Fig. 5 .
Anisotropy data suggested that with increasing
concentration of poly-G more complex con-
formers could have formed. The 5� fluorophores
in RNA G-ladders were held in a more rotatio-
nally constrained environment, perhaps due to
special conformational features of poly-G ladders
Ž .G-quadruplexes . To rule out the possibility that
a very small fraction of enzyme-RNA interactions
contributed to anisotropy, a control experiment
was done. The G-ladder transcription reactions

Fig. 8. The change in steady-state anisotropy during G-ladder
Ž .synthesis filled black circles or during abortive RNA synthe-

Ž .sis empty circles as a function of T7 RNAP concentration.

were deproteinized by SDS-phenol extraction and
EtOH precipitation and the anisotropy of the

Ž .sample was measured. The anisotropy 0.12 was
equivalent to that during G-ladder synthesis reac-
tions. This indicated that the rotation of fluo-
rophore was indeed constrained in poly-G ladder
RNAs.

In contrast to poly-G ladders, under conditions
of abortive transcription there was very little
change in anisotropy with increasing concentra-

Ž . �tion of abortive transcripts Fig. 8 . Note, under
both conditions there was robust RNA synthesis
Ž . �Figs. 5 and 6 . This indicated that abortive tran-
scripts did not form complex structures.

To further assess the rotational dynamics of the
fluorophore during transcription, I measured fre-
quency-domain fluorescence anisotropy. The rate
of fluorophore rotation is related to the steric
hindrance. To determine the rate of rotational
motion of fluorophore, I measured differential

Žphase angles between 10 and 200 MHz the data
.acquisition format is similar to that in Fig. 7 .

There was a continuous rise in the differential
phase angle with an increase in modulation fre-

Ž .quency Fig. 9 . The phase data were fit to a
Ž .three-component model Fig. 9 . In the absence

of data from model or purified components, it is
difficult to assign the correlation times to rotatio-
nal depolarizing motions of any specific molecular
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species in the transcription reaction. However,
the longer rotational correlation time � �4.9 ns2
may be associated with poly-G of median size of 7

Ž .or 8 mer mol. wt.��3 K . The predicted corre-
Žlation time ���V�RT, where � is viscosity, V

.is volume of rotating unit for a rigid anhydrous
sphere of a similar molecular weight is �2�3 ns.
Generally, the observed � is twice that expected
for an anhydrous sphere. The larger observed �
value is probably due to the non-spherical nature
of RNA and greater hydration. G-Quartets are

Žnot spherical but they are symmetric see Fig.
.11b , which may explain to some extent the close-

ness of the observed and calculated � values.
The anisotropy data do confirm the presence of

large molecular structures. To cross-check the
� �anisotropy decay, I used the Perrin equation 1 ,

Ž . Žr� r �1� ��� where, r is the anisotropy, r is0 0
Žthe anisotropy at time zero limiting anisotropy,

.i.e. no rotation , � is the average lifetime and � is
.the rotational correlation time . I estimated r�

0.145, a value close to the observed steady-state
Ž .anisotropy value Fig. 8 .

2 Ž .The large 
 value Fig. 9 indicated that the
three-exponential anisotropy decay model does
not fit the data satisfactorily, probably because
there were additional rotational motions associ-
ated with the depolarization process, which were
not resolved. Adding a fourth exponential did not
significantly improve the goodness-of-fit parame-
ter. However, greater than two-fold decrease in

2 value in going from a two-component to a
three-component model suggested that the later
is an improved fit for the decay model.

3.5. Fluorescence quenching by using extraneous
reagents

Fluorescence quenching by using an extraneous
quencher provides an effective means of gaining
information regarding solvent accessibility of the

� �fluorophore 1,21 . Iodide was used as the nega-
tive ion quencher, thallium as the positive ion
quencher and acrylamide as the neutral�polar

Ž .quencher Fig. 10 . The Stern�Volmer quenching
Ž .constant K and the bimolecular rate constantsv

Ž . Ž .k were calculated see Section 2 Table 1 .q
Stern�Volmer plots were linear and were signifi-

Fig. 9. Anisotropy decay model for G-ladder reactions. Top
panel: differential phase angle as a response to frequency.
The lower panel shows the random distribution of weighted
residuals, which represents the difference between the experi-
mental and calculated values normalized by the standard
error. The anisotropy decay parameters are shown in the
bottom panel. � is a pre-exponential term that represents thei
extent to which the emission is depolarized by each rotational

Ž .component Ý� � r 0.32 and � is the rotational correlationi 0 i
time. The 
2 value indicates the goodness of fit.

cantly different for G-ladder synthesis conditions
Ž .as compared to the free Cm-GTP Fig. 10 . The

Ž .relative efficiency K of quenching by extrane-rel
ous quenchers suggested that collisional quench-
ing was drastically reduced in G-ladder transcrip-

Ž .tion reactions Table 1 . The shielding of fluo-
rophore in poly-G ladders may have contributed

Ž .to this effect see Section 4 . The bimolecular
Ž .rate constants k for iodide, acrylamide andq

Ž .thallium were at the diffusion limit Table 1 .
This makes sense because the major species in
the transcription reaction are the free Cm-GTP
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and free Cm-PP and RNA containing 5� Cmi
group. Our data are consistent with a model of a

˚Ž .small organic molecule 5�8 A radii being effi-
Ž 9ciently quenched theoretical rates, 5�10 �1�

10 �1 �1 � �.10 M s 21 . With thallium, there is a
Ž .greater decrease �10� in the rate of quench-

ing in the G-ladder transcription reactions com-
pared to the other quenchers. This is consistent
with the fact that monovalent cations bind to and

� �stabilize G-quartets 14 . The specific effect of
Tl� as compared to I� on the k in the G-ladderq
transcription reaction suggests a role for G-quar-

Ž .tets Table 1 .
ŽUpward curvature of Stern�Volmer plot Fig.

. � �10c at high acrylamide suggests ground state
Ž .heterogeneity more than one fluorescent species ,

perhaps more than one fluorophore microenvi-
ronment where quenching occurs by static as well
as dynamic mechanisms. There could be transient
state�chemically distinct ground state or the
probability that the quencher and chromophore
are close to each other but are not interacting.
Upward trend for Stern�Volmer plot was seen in
other systems as well, the quenching of indole by

� �acrylamide 21 .
It must be borne in mind that there are several

species, RNA incorporated Cm-GTP, free Cm-
GTP and Cm-PP in the transcription reaction. Ini
addition, there may be multiple conformations in
the poly-G ladders. This makes the interpretation
less straightforward. Thus, the quenching data
may reflect composite values for an entire ensem-

ble of molecules. I cannot apportion the contribu-
tion of the individual fluorescent species to the
quenching effect. Because in transcription reac-
tions the K decreased quite significantly com-sv

Žpared to the value for free Cm-GTP and possibly
.for Cm-PP , the effects in Table 1 are predomi-i

nantly due to the synthesis of poly-G RNA. Some
fluorophores may be in a less solvent accessible
microenvironment such as within or close to G-
quartets.

4. Discussion

Here I report the synthesis of a new fluorescent
analogue of GTP, which can be used in transcrip-
tion reactions. This analogue can be specifically
incorporated at the 5� end of nascent RNA syn-

Žthesized by T7 RNAP and by other RNA poly-
.merases using appropriate templates . The Cm-

GTP analogue was used in a different way com-
pared to some previously reported fluorescent

� � Ž .analogues 5,6 , in which a pyrimidine UTP was
modified. The analogue I synthesized can be used
specifically with T7 RNAP whereas, the others
cannot be used with this enzyme to label the
RNA 5� end because T7 RNAP always initiates
with an rG residue. T7 RNAP is the preferred
enzyme for in vitro synthesis of RNA for struc-
tural studies because of its ease of availability and

� �for its rapid rates of RNA synthesis 28 . Cm-GTP

Table 1
Quenching parameters for free Cm-GTP and for G-ladder synthesis

�1 a �1 �1 b cŽ . Ž .Quencher Item K M k M S KSV q rel

Iodide
10Cm-GTP 485.1 7.9�10
10�T7 RNAP 79.8 1.3�10 0.16

Thallium
10Cm-GTP 178.1 2.9�10
9�T7 RNAP 22.1 3.6�10 0.12

Acrylamide
10Cm-GTP 448.2 7.3�10
10�T7 RNAP 85.9 1.4�10 0.19

a The Stern�Volmer quenching constant.
b The bimolecular quenching constant, which were calculated as indicated in experimental procedures.
c The relative quenching efficiency, which is defined as K Cm-GTP�T7 RNAP�K Cm-GTP.sv sv
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ŽFig. 10. Stern�Volmer plots for extrinsic quenching E �340x
.nm during G-ladder transcription. Reaction conditions were

similar to the fluorescence assay in Fig. 5, except that a single
Ž .concentration of T7 RNAP 3 �M was used. F �fluorescence0

intensity without quencher. F�fluorescence intensity with
Ž .quencher. No transcription control empty circles and G-

Ž .ladder transcription filled circles . The lines indicate the fit of
Ž .the data to the Stern�Volmer equation see Section 2 .

can also be potentially used with E. coli RNAP
because this enzyme can initiate with GTP on
some promoters and under some conditions with
low efficiency. The synthetic route can be used to

Žintroduce fluorescent label in ATP as well simi-
� �.lar to 17 which can then be efficiently utilized

by E. coli RNAP. Thus, the fluorescent probe
reported here has potentially wide-ranging utility
in RNA structural studies.

I chose the T7 RNAP system to illustrate the
usefulness of Cm-GTP as a probe for two rea-

Ž .sons. 1 As opposed to some other RNAPs,
T7RNAP can initiate transcription in two differ-
ent ways on its native promoter template. The
transcriptions result in RNA products, which have
starkly different sequences but with almost simi-
lar length distributions viz., poly-G ladders and

Ž .mixed sequences of abortive RNAs. 2 The se-
quence of the G-ladders can be readily related to
a well known structure i.e. the family of G-quar-
tet conformers. The mixed abortive RNA se-
quences cannot adopt any known secondary struc-
ture and may be assumed to be linear. Therefore,
the T7 RNAP system serves as a facile natural
example for the study of RNA conformation us-
ing fluorescence. The placement of the reporter
fluorophore on the �-phosphorus has allowed the
selective labeling of the 5� end of the nascent
RNA and the preclusion of multiple labels in the
body of each RNA molecule and non-inter-
ference with potential secondary structure forma-
tion. Placing the label internally in the body of
the transcript or attaching the fluorescent group
to the nucleobase would introduce other con-
straints that might interfere with the natural fold-
ing and�or flexibility of RNA. The fluorophore
on the 5� phosphate end of the RNA has a

Žgreater degree of rotational freedom in the
.absence of secondary structure than a fluo-

rophore placed internally. The various fluores-
cence techniques used here demonstrate the fea-
sibility of using the Cm-GTP analogue as a probe
for more detailed structural studies of specific
RNA sequences.

The observations presented here can be ex-
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plained on the basis of the suggestion that poly-G
ladders may form G-quadruplex family of config-

Ž � �.urations Fig. 11 and reviewed in 14 . G-Quar-
� �tets arise from single strands of RNA 29 or

� �DNA 30 molecules that associate to form four-
stranded structures by a cyclic array of planar

Žguanines involved in hydrogen bonding Fig. 11a
� �.and ref. 14 . There are only two requirements

Ž � �.for G-quartet formation reviewed in 13 . Firstly,
a string of at least four consecutive guanine
residues in nucleic acid and secondly, a monova-
lent cation, which serves as a metal ligand for the

Ž .quadruplex Fig. 11a . Both requirements are ful-
filled in the slippage transcription reactions. It is
unlikely that the abortive transcripts, with only
three Gs in a row could form G-quartets. This
could explain the differences in steady-state fluo-
rescence quenching between G-ladders and

Ž .abortive transcripts Figs. 5 and 6 . Fluorescence
quenching occurred because the 5� terminal gua-
nine base in Cm-GTP-containing poly-G strands

may have been involved in G-quartet formation
with other poly-G RNA strands.

Ž .Drastically reduced � 10 � collisional
quenching during G-ladder synthesis as compared

Žwith the free fluorophore-nucleotide Table 1,
.K supports the idea that the fluorophore wasrel

sequestered. Interestingly, the bimolecular rate
Ž .constant k for monovalent cation thallium wasq

Ž .much less than with iodide anion Table 1 .
Monovalent cations are known to stabilize G-

Ž . �quartets Fig. 11a . Because K at 100 mM is the
predominant monovalent cation in transcription
reactions it may uniformly promote G-quadruplex
formation. However, this may not exclude a role
for Tl� ion in mM concentrations in stabilizing
the G-quartets in the quenching experiment. The
preference between the two ions may depend on

Žthe relative ligand binding affinities which are
.unknown of the two ions for G-quadruplexes. In

this context, it is interesting to note that Tl has a
Ž .van der Waals atomic radius �200 pm in the

Ž .Fig. 11. Proposed configurations for poly-G ladders. a System of cyclic H-bonding in a G-quartet structure. M is a monovalent
Ž .metal ligand that stabilizes the G-quartet. b Four stranded structure that may be formed in poly-G RNAs in transcription

Ž .reactions. The arrow suggests the 5� to 3� orientation of the G-strands. F is the fluorophore c The sequence of the abortive RNA
� �transcripts. Fig. 11a,b were adopted from ref. 14 .
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Ž .vicinity of potassium atomic radius �225 pm
Ž .and cesium atomic radius �250 pm , which are

� �known to bind G-quartets 14 .
In conclusion, a new fluorescent GTP analogue

has been synthesized and its application in struc-
tural studies of RNA synthesized in a natural
system using fluorescence spectroscopy has been
demonstrated. These studies may pave the way
for further insights into RNA structure and con-
formation using specific RNA sequences synthe-
sized using T7 RNAP.
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