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A Quadruplex-Based, Label-Free, and Real-Time Fluorescence Assay for
RNase H Activity and Inhibition

Dan Hu, Fang Pu, Zhenzhen Huang, Jinsong Ren,* and Xiaogang Qu'"

Abstract: We demonstrate a unique
quadruplex-based fluorescence assay
for sensitive, facile, real-time, and
label-free detection of RNase H activi-
ty and inhibition by using a G-quadru-
plex formation strategy. In our ap-
proach, a RNA-DNA substrate was
prepared, with the DNA strand de-
signed as a quadruplex-forming oligo-

binder, N-methyl mesoporphyrin IX
(NMM); this gives a dramatic increase
in fluorescence and serves as a reporter
of the reaction. This novel assay is
simple in design, fast in operation, and
is more convenient and promising than
other methods. It takes less than
30 min to finish and the detection limit
is much better or at least comparable

to previous reports. No sophisticated
experimental techniques or chemical
modification for either RNA or DNA
are required. The assay can be accom-
plished by using a common spectropho-
tometer and obviates possible interfer-
ence with the kinetic behavior of the
catalysts. Our approach offers an ideal
system for high-throughput screening

mer. Upon cleavage of the RNA strand
by RNase H, the released G-rich DNA
strand folds into a quadruplex in the
presence of monovalent ions and inter-
acts with a specific G-quadruplex

Introduction

RNase H is a ribonuclease that can specifically degrade the
RNA strand of an RNA-DNA duplex through an endonu-
cleolytic mechanism.!! Members of the RNase H family can
be found in virtually all organisms, from archaea and pro-
karyota to eukaryota. The specific actions of these enzymes
are essential in a variety of fields ranging from biotech-
nology to pharmacology, and in important cellular processes
including DNA replication, DNA repair, and transcription.”!
Moreover, it is clear that RNase H activity of the multifunc-
tional HIV-1 reverse transcriptase (RT) is absolutely re-
quired for completion of retroviral DNA synthesis, thereby
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of enzyme inhibitors and demonstrates
that the structure of the G-quadruplex
can be used as a functional tool in spe-
cific fields in the future.

probes

rendering this function an attractive target for anti-HIV
therapeutics.”! In contrast with HIV-1-RT DNA polymerase
inhibitors, very few RT-RNase H inhibitors have been iden-
tified.[*'% The paucity of RNase H inhibitors is due in part
to the cumbersome nature of the assays used to measure
RNase H activity. Traditional techniques, including gel elec-
trophoresis, high-performance liquid chromatography
(HPLC), electrochemical studies, and the acid-soluble re-
lease of RNA fragments have been established in assays of
enzyme activities and evaluations of the kinetic parame-
ters.!" These protocols share the drawbacks of being
time-intensive, discontinuous, and laborious, and usually re-
quire isotope labeling. Many of these limitations are now
being addressed by the development of fluorescence assays
based on resonance energy transfer (FRET) or an excimer
mechanism.”'>"71 Although promising, these techniques are
compromised by the requirement for double-labeled oligo-
nucleotide substrates, limited chemical stability, and interfer-
ence by external nonspecific events. In addition, the possi-
bility that the bulky fluorescent groups might interfere with
the kinetic behavior of the catalysts is always a concern.
Very recently, a gold nanoparticle-RNA-fluorescent dye
conjugate has been used for the detection of RNase H activ-
ity." However, the need for functionalized thiol and dye-
modified oligonucleotide probes added to the complexity,
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cost, and overall assay time, and limited the effectiveness of
such detection strategies.

Results and Discussion

Herein, we demonstrated a new concept that overcomes
these limitations by achieving a simple, fast, and label-free
fluorescence assay for real-time detection of RNase H activ-
ity and inhibition by using a G-quadruplex as a functional
tool. N-Methyl mesoporphyrin IX (NMM) is a commercially
available unsymmetrical anionic porphyrin characterized by
a pronounced structural selectivity for G-quadruplexes but
not for duplexes (DNA, RNA, and RNA-DNA hybrids),
triplexes, or single-stranded forms.'*?! It is weakly fluores-
cent, but exhibits a >20-fold enhancement in its fluores-
cence upon binding to quadruplex DNA (with excitation
and emission wavelengths centered at A=399 and 614 nm,
respectively). However, similar properties were not at all
evident in the presence of duplex, triplex or single-stranded
nucleic acid structures. Our approach toward sensing
RNase H is based on the unique fluorescence increase that
occurs as a result of the strong interaction between NMM
and the folded quadruplex upon cleavage by RNase H. As
shown in Scheme 1, the DNA strand of the substrate was
designed as a quadruplex-forming oligomer. In the absence
of RNase H, the DNA and RNA oligomers exists in aque-
ous solution in a hybrid duplex structure. Because the inter-
actions between the hybrid duplex and NMM are very
weak, the fluorescence of such a mixture is weak. In the
presence of RNase H, upon cleavage of RNA strand, the re-
leased G-rich strand folds into a quadruplex structure in the
presence of monovalent ions. Because NMM can specifically
interact with G-quadruplex DNA, the NMM-quadruplex
complex fluoresces more strongly than free NMM. Thus,

RNA:DNA hybrid
NMM +NMM

++

weak or no
RNase H

NMM serves as a reporter and one can monitor cleavage by
the changes in fluorescence intensity.

G-rich oligonucleotides can be very polymorphic, and the
structures that are adopted depend on several factors, in-
cluding base sequence, strand concentration, loop connectiv-
ities, and cations present. The DNA strands can assemble
together in either intramolecular (when a single strand folds
upon itself) or intermolecular (when two or more strands as-
sociate) configuration.”! NMM was reported to interact
with a variety of quadruplex forms; among them, the dimer-
ic G-quadruplex of d(G,T,G,), which consists of 1.5 units of
the Oxytricha nova telomere repeat DNA sequence, gave
the best fluorescence enhancement.”” Because the kinetic
analysis of various DNA quadruplexes indicates that the
folding process of intramolecular structures are faster than
intermolecular ones*?”" we extended the length of d-
(G,T,Gy) to get various intramolecular G-quadruplexes. In-
terestingly, much higher fluorescence enhancement was ob-
tained with these intramolecular quadruplexes, of which
d[G;(TsG;);] was the highest (Figure 1A). Thus, the d[G;-
(T4G;);] sequence was chosen as the DNA strand of the
hybrid substrate. CD spectra and UV melting analyses of
d[G;(T,4Gs;)5] in buffer solutions, which differed only in their
salt components, indicate that the sequence folds into a
quadruplex structure under our experimental conditions
(see Figure S1 in the Supporting Information), and fluores-
cence spectra also confirm the above results (see Figure S2
in the Supporting Information).

Steady-state fluorescence measurements were carried out
to serve as a proof of concept to test the principle of our
design. Fluorescence titration experiments were first per-
formed in the presence of d[G;(T,G;);] quadruplex and
d[G;(T4G3)3]-1[C5(A4C;);] hybrid duplex. The fluorescence
signals increased promptly as the NMM concentration was
increased, and little change was observed when the concen-

G-quadruplex-NMM
complex

+ =

RNA fragments

G RNase H

et
++

RNA-DNA hybrid

CHy G

=

cHy
CHCOCH
NMM
Ck, CH,

CHL00H
RNA: 5-CCCAAAACCCAAAACCCAAAACCC-3'
DNA: 3-GGGTTTTGGGTTTTGGGTTTTGGG-5

+ + inhibitor

Scheme 1. Schematic illustration of the label-free assay for RNase H activity and inhibition, showing the molecular structure of NMM and the sequences
of the RNA-DNA substrate. The DNA strand could form an intramolecular G-quadruplex with three T, loops.
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Figure 1. A) Fluorescence titration of NMM (2x10°m) with d[G,T,G,]
(m), d[Gs(T5G3)s] (@), d[Gy(T.Gy)s] (4), d[Gs(T,G3)s] (V). B) Fluores-
cence titration of the RNA-DNA hybrid (m) and DNA strand (e) with
NMM. Experiments were carried out in a buffer containing 10 mm Tris—
HCI, 100 mm NaCl, 10 mm KCl, 10 mm MgCl,, pH 7.5.

tration exceeded 1 um (Figure 1B). Therefore, 1 um NMM
was used in the experiments to ensure a good signal-to-
background ratio. As can be seen in Figure 2, the fluores-
cence intensity of NMM alone or in the presence of RNA-
DNA hybrid is very weak in 10 mm Tris-HCI, 100 mm NaCl,
10 mm KCl, 10 mm MgCl,, pH 7.5 (Figure 2, curve a and b,
excited at =399 nm, emission at A =608 nm); this supports
the notion that the RNA-DNA hybrid interacts weakly with
NMM. However, a significant increase (18-fold) in fluores-
cence intensity was observed upon addition of RNase H to
the mixture (Figure 2, curve c). Moreover, the cleavage reac-
tion appeared to be nearly complete because the final fluo-
rescence value is very close to the emission intensity expect-
ed for NMM bound to the same amount of d[G;(T,Gs;)s]
(Figure 2, curve d). Meanwhile, a common substrate, polyA-
polydT, was used to test the possible inhibitory effect of
NMM on RNase H activity. The time curves of cleavage of
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Figure 2. Fluorescence spectra of solutions containing a) NMM, b) NMM/
RNA-DNA hybrid in the absence of E. coli RNase H, c) NMM/RNA-
DNA hybrid in the presence of E. coli RNase H, and d) NMM/DNA,
upon excitation of A=399 nm. [NMM]=1x10"°m, [DNA or RNA-DNA
hybrid] =5x10""m.
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polyA-polydT by RNase H (see Figure S3 in the Supporting
Information) are identical in the absence or presence of
2 um NMM; this demonstrates that NMM does not inhibit
the digestion of the RNA-DNA hybrid by the nuclease. Fur-
thermore, the association rate of NMM with the G-quadru-
plex was determined with a 7 of 21's (see Figure S4 in the
Supporting Information), which is much faster than the en-
zymatic reaction rate and would not limit the observed ki-
netics. Therefore, our approach can be applied to monitor
real-time RNA strand cleavage and provide information
about the dynamics of the cleavage process.

The fluorescence intensity at A =608 nm, which is associat-
ed with the population of released DNA, was then studied
as a function of incubating time. Figure 3A shows the time
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Figure 3. A) The fluorescence intensity of NMM at 4=608 nm vs. diges-
tion time of RNA by various concentrations of E. coli RNase H at 25°C.
[RNA-DNA hybrid] =5x10~"m. B) Initial cleavage velocity as a function
of the concentration of E. coli RNase H.

curves of the digestion reaction with various concentrations
of RNase H from 0.2 to 4.0 unitsmL ™. The rapid increase in
fluorescence clearly shows that the formation of a G-quad-
ruplex-NMM complex can be attributed only to the cleaving
of the substrate and liberation of the G-quadruplex-forming
strand by RNase H because the fluorescence of the sub-
strate remained constant over the period without RNase H
under the same experimental conditions. In addition, we car-
ried out control experiments with different concentrations
of monovalent cations. As can be seen in Figures S1 and S2
in the Supporting Information, d[G; (T,G;);] could not fold
into a stable quadruplex in the absence of monovalent cat-
ions. As a consequence, almost no fluorescence change was
observed upon addition of Escherichia coli RNase H (see
Figure S5A in the Supporting Information). Interestingly, a
large fluorescence increase, which is close to the value ob-
tained in Mg/Na/K buffer, was observed when 10 mm KCl
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was added to the cleavage product (see Figure S5B in the
Supporting Information). The results demonstrated the ne-
cessity of monovalent cations in G-quadruplex formation
and further supported our proof-of-concept assay. The
slopes of the curves decreased gradually over time, which in-
dicated that RNase H cleavage slowed as the substrate was
consumed. It was found that the fluorescence intensity
reached a plateau after 20 min, which indicated that the di-
gestion was nearly completed. It is possible to detect
enzyme activity within 5-10 min, which shows one of the ad-
vantages of the quick response of the system. The reaction
rate increased with increasing enzyme concentration, and
the initial digestion rate can be measured from the linear
portion of the time curve. A good linear relationship was
observed between initial digestion rate and enzyme concen-
tration (Figure 3B), which indicates that the cleavage reac-
tion is first order with respect to RNase H concentration
and is consistent with the general model for enzyme-cata-
lyzed reactions.” The detection limit herein (0.2 unitsmL™")
is much lower than the value obtained with the pyrene—
pyrene excimer assay.!'"”! Furthermore, more sensitive detec-
tion could be achieved by optimizing the G-quadruplex-
forming sequence and the cleavage conditions, for example,
increasing the concentration of substrates or prolonging the
cleavage time.

To further confirm the validity of the NMM—quadruplex-
based method, the relationship between the initial digestion
rate and substrate concentration was studied. As shown in
Figure 4, the initial digestion rate increases with an increase
in substrate concentration, [S]. The initial cleavage rate, V,
was measured from the time curves. Plotting 1/V| versus 1/
[S] gives a straight line (the Lineweaver—Burk plot). Values
for several important kinetic parameters were obtained:
1.64 nms™" for the maximum initial velocity (V,,.), 288 nm
for the Michaelis-Menten constant (K,), and 3.42s™' for
the turnover number (k). Ky for RNase H has been re-
ported to vary from 19 to 4.2 um.>'212] The variation is the
result of a variety of assay conditions, substrates, and meth-
ods.

-0.004 0000 0004 0.008 0.012
1[S] inm”

Figure 4. Lineweaver-Burk plot of the reciprocals of initial rate vs. sub-
strate concentration for the determination of kinetic parameters Ky, K,
and V. of RNase H in the quadruplex-based assay. From the linear fit
of the data, we determined K, =288nM, V,.=1.64nms™', and k=
3.42s7! (y=0.614175.48x, R=0.98). Reaction conditions: [RNA-DNA
hybrid]=83, 100, 125, 166, 250, 500nm, [E.coli RNase H]=
4.0 unitsmL . Error bars were estimated from at least three independent
measurements.
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Moreover, diverse RNase H proteins from various sour-
ces, such as human RNase H1, E. coli RNase H, and HIV-1-
RT, share structural similarities but differ in some of their
functional properties. For example, the RNase H domain of
HIV-1-RT requires the polymerase domain for RNA degra-
dation,”” whereas the RNase H domain of human
RNase H1 alone shows significant activity,®" as does E. coli
RNase H. These differences prompt us to ask whether the
particular RNA-DNA hybrid substrate that was used in our
method is not only for E. coli RNase H but also for other
RNase H proteins. To address the general approach for
RNase H, detection of HIV-1-RT-associated RNase H activ-
ity was further studied. HIV-1-RT-associated RNase H is
among the novel non-traditional targets that have been in-
vestigated to identify new HIV inhibitors. Our results dem-
onstrate that this enzyme could also recognize and cleave
the hybrid duplex. Cleavage of the RNA strand results in
the fluorescence enhancement of NMM (Figure 5).
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Figure 5. A) The fluorescence intensity of NMM at 1=608 nm vs. diges-
tion time of RNA by various concentrations of HIV-1-RT-associated
RNase H at 37°C. [RNA-DNA hybrid]=5x10""m. B) Initial cleavage
velocity as a function of the concentration of HIV-1-RT.

RNase H proteins represent an exciting and novel family
of targets, and the pharmacological inhibition of RNase H
provides a broad spectrum of therapeutic applications, in-
cluding but not limited to anticancer, antiviral drugs, and in
particular, anti-HIV therapeutics. For instance, RNase H
functions associated with the viral reverse transcriptase
(RT) that hydrolyzes the RNA of the RNA-DNA replica-
tion intermediate is among the novel, non-traditional, tar-
gets that have been investigated to identify new HIV inhibi-
tors. In fact, several studies have demonstrated that the abo-
lition of this enzyme function stops virus replication and
that, therefore, it is an attractive target for drug develop-
ment.’! However, RNase H is a drug target that has been
little explored so far due in part to the cumbersome nature
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of the assays used to measure RNase H activity. The NMM-
quadruplex-based approach can also be applied to screen
RNase H inhibitors. Two small molecules, ellipticine and
ethidium bromide, were selected for our studies. Ellipticine
and ethidium bromide (EB) have been identified to prefer-
entially target RNA-DNA hybrid duplexes and effectively
inhibit RNase H activity at micromolar concentrations.*? In
the inhibition assay, a solution of the RNA-DNA hybrid
duplex and the inhibitors of varying concentrations were in-
cubated at 25°C for 15min, then NMM and E. coli
RNase H were added and the mixtures were left for 10 min
to allow hydrolysis to occur. The ICs, value (the inhibitor
concentration required to reduce enzyme activity by 50%)
was obtained from the plot of relative activity (RA) versus
inhibitor concentration (Figure 6). Ellipticine and EB were
found to inhibit E. coli RNase H with ICs, values of 2.85
and 5.1 pm, respectively. These results are in good agree-
ment with the reported literature value determined by other
methods.[*)
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Figure 6. Inhibition efficiency of E. coli RNase H activity by ellipticine
(m) and EB (@). The IC;, values were obtained from the curve.

Considering the diversity of RNase H proteins and the
differences in some of their functional properties, inhibitors
selected for one kind of enzyme might have no effect on an-
other. As was stressed by Pileur et al., the selected aptamers
in their study were specific inhibitors for the eukaryotic
RNase H1 but ineffective against E. coli RNase H and HIV-
1-RT RNase H despite the common structural properties of
these three enzymes.” To test whether the small molecules
against E. coli RNase H are effective inhibitors against HIV-
1-RT-associated RNase H, ellipticine was chosen due to its
efficiency on E. coli RNase H. Our result demonstrates that
ellipticine can inhibit HIV-1-RT RNase H with an inhibition
efficiency of 70% at 10 um (see Figure S6 in the Supporting
Information). This feature of small-molecule inhibitors tar-
geting a RNA-DNA hybrid is consistent with previous re-
ports.”*! More importantly, these low-molecular-weight in-
hibitors highlight a potential strategy for AIDS chemothera-
py that should not be compromised by the unusual genetic
diversity of HIV-1 as demonstrated by Li et al.”! Thus, the
methodology described herein provides a simple, sensitive,
and rapid protocol for screening RNase H inhibitors and
anti-HIV drugs.
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Conclusion

In summary, we have demonstrated a unique quadruplex-
based, fluorescence assay for the sensitive, facile, real-time,
and label-free detection of RNase H activity and inhibition.
The method relies on the large fluorescence enhancement
through specific binding of the small molecule NMM with
G-quadruplex DNA. The assay technique has several impor-
tant features. The assay presented herein is simple in design
and offers a convenient “mix-and-detect” protocol for ho-
mogeneous, ratiometric, and rapid detection with high sensi-
tivity. It takes less than 30 min to perform and the detection
limit is much better than or at least comparable to previous-
ly reported methods. In addition, sophisticated experimental
techniques are not required. The assay can be accomplished
by using a common spectrophotometer. More importantly,
this approach does not require any chemical modification of
either the RNA or DNA, which offers the advantages of
simplicity and cost efficiency and obviates possible interfer-
ence with the kinetic behavior of the catalysts. Finally, the
approach offers an ideal system for high-throughput screen-
ing of enzyme inhibitors and illustrates that the structure of
G-quadruplex could be used as a functional tool. We expect
that this strategy will have important applications in a wide
range of biological and biomedical processes, especially in
the screening of anti-HIV therapeutics.

Experimental Section

Materials and measurements: DNA: 5-GGG-TTT-TGG-GTT-TTG-
GGT-TTT-GGG-3', RNA: 5-CCC-AAA-ACC-CAA-AAC-CCA-AAA-
CCC-3' were synthesized by AuGCT Biotechnology (Beijing, China). All
other oligonucleotides were synthesized by Shanghai Sangon Biological
Engineering Technology & Services (Shanghai, China). E. coli RNase H
with an enzyme activity of 6x10* unitsmL™' was purchased from Takara
Biotechnology (Dalian, China). Recombinant HIV-1-RT, with an enzyme
activity of 27.0 unitsuyL "' was purchased from Worthington Biochemical
Corporation (Lakewood, NJ, USA), NMM was purchased from Porphy-
rin Products (Logan, UT), and its concentration was measured by using
absorbance spectroscopy on a JASCO V-550 and found to be 2=379 nm,
assuming an extinction coefficient of 1.45x 10°M~'cm™". Other chemicals
were purchased from Sigma-Aldrich and used without further purifica-
tion. All water used to prepare buffer solutions was obtained by using a
Milli-Q water system.

Steady-state fluorescence measurements and time curves were carried
out by using a JASCO FP-6500 spectrofluorometer with the temperature
held at 25°C for E. coli RNase H and 37°C for HIV-1-RT by an aqueous
thermostat. The fluorescence intensity of all samples was analyzed by a
time base scan (1., =399 nm, 4., =608 nm). Slit widths for the excitation
and emission were set at 5 and 10 nm, respectively. All measurements
were performed in 10 mm Tris—-HCI, 100 mm NaCl, 10 mm KCI, 10 mm
MgCl,, pH 7.5 (Mg/Na/K buffer) for E. coli RNase H and 20 mm Tris—
HCI, 10 mm KCI, 10 mm MgCl,, 1 mm Na,EDTA, pH 8.0 for HIV-1-RT.
The Mg buffer and Mg/Na buffer that were used for control analysis
differ in their lack of corresponding salt components compared with Mg/
Na/K buffer. Stopped-flow fluorescence measurements were performed
at 25°C under standard buffer conditions by using a stopped-flow device
from Applied Photophysics (Leatherhead, Surrey, KT227PB, UK) in
two-syringe mode.

Assay for RNase H activity and inhibition: Assays were carried out in 1x
Mg/Na/K buffer (300 pL) that contained 500 nm RNA-DNA hybrid and
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various amounts of E. coli RNase H. For determination of the Michaelis—
Menten kinetics parameters, the hybrid concentration was varied from 83
to 500 nMm, over the range of the previous reported Ky values for
RNase H. All experiments were performed at 25°C and repeated at least
three times. The initial rate of the cleavage reaction was determined by
linear regression of the initial parts of the fluorescence scan curves.
Assays for HIV-1-RT-associated RNase H activity were carried out in the
corresponding buffer (200 puL) that contained 500 nm RNA-DNA hybrid
and various amounts of HIV-1-RT at 37°C.

For the E. coli RNase H inhibition assay, a total volume of 300 pL reac-
tion solution that contained RNA-DNA hybrid (500 nm) and various
amounts of drug (ellipticine or ethidium bromide) were incubated at
25°C for 15min in a 0.5mL Eppendorf tube, then NMM (1 um) and
E. coli RNase H (4.0 unitmL™") were added into the tube. The fluores-
cence time curves were measured immediately in a 500 uL quartz cuvette
at 25°C. The activity of E. coli RNase H was also obtained by measuring
the initial reaction velocity.
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