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ABSTRACT

Ribonucleases H (RNases H) are en-
zymes that specifically degrade the RNA of
RNA-DNA hybrids. These enzymes are 
involved in DNA replication, reverse tran-
scription (RT) and antisense oligodeoxyri-
bonucleotide-mediated arrest of transla-
tion. One of the most valuable tools for
assaying RNase H activity is the renatura-
tion gel assay with which such activities can
be detected using purified protein prepara-
tions or crude extracts. Radioactive sub-
strates [32P-labeled poly(rA)-poly(dT) hy-
brid] are commonly used with exposure of
the gel to X-ray film; this is possible at any
time without disturbing the renaturation-
degradation process. Here, we describe a
method using fluorescent-labeled sub-
strates. RNA-DNA substrates are synthe-
sized by first transcribing DNA with T7
RNA polymerase using Bodipy-TR-14-
UTP and the four normal nucleoside
triphosphates. The run-off transcript is an-
nealed to a short oligomeric DNA comple-
mentary to the 3′-end of the transcript, and
the DNA portion of the hybrid is formed by
RT. This RNA-DNA is added to the poly-
acrylamide mixture before polymerization,
and SDS-PAGE is performed as usual. After
various periods of renaturation, the gel is
scanned to detect fluorescent substrate us-
ing the red-excited laser of a fluorescence
scanner. This fluorescence method has all of
the advantages of using radio-labeled sub-
strates and none of its disadvantages, and
the sensitivities of the two methods are com-

parable. In addition, we show that the sen-
sitivity of this procedure can be increased if
damaging chemicals remaining in the gel
after polymerization are eliminated by si-
multaneous electrophoresis of the RNase H
and a protein with higher mobility.

INTRODUCTION

One of the most valuable tools for
assaying RNase H activity and other
nucleases is the renaturation gel assay
(1,5,8,9,12). Separating proteins by
sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) in
which an RNA-DNA hybrid is present
in the running gel during polymeriza-
tion followed by electrophoresis, plac-
ing the gel in a buffer in which the en-
zyme is active and visualizing of the
substrate (or absence thereof) permits
detection of RNase H in either purified
or crude systems. The original proce-
dure developed by Rosenthal and Lacks
(12) for detecting nuclease in such gels
used ethidium bromide for staining nu-
cleic acids. A potential limitation inher-
ent in the use of ethidium bromide or
other methods requiring “invasive”
techniques is the unknown affect of the
detecting chemical on the nuclease re-
action. In practice, it is often useful,
and sometimes necessary, to determine
the extent of RNase H degradation fol-
lowed by a longer incubation to permit
other bands of RNase H activity to ap-
pear. Radioactive substrates are com-
monly used with exposure of the gel to
X-ray film; this is possible at any time
without disturbing the renaturation-
degradation process. Here, we describe
an RNase H in situ gel assay using a
fluorescent-labeled substrate that per-
mits detection of the RNA-DNA hybrid
in the gel using a fluorescence scanner.

MATERIALS AND METHODS

Enzymes

E. coli RNase HI was expressed and
purified as described previously (11). E.
coli RNase III (4) was prepared accord-
ing to the procedures of Chen et al. (3).
SUPERSCRIPT II Reverse Transcrip-
tase and RNase T1 were from Life
Technologies (Gaithersburg, MD,
USA). Human immunodeficiency virus
(HIV) and murine leukemia virus
(MuLV) reverse transcriptases were
from Worthington Biochemical (Lake-
wood, NJ, USA). T7 RNA Polymerase
and nucleoside triphosphates (NTPs)
were from Ambion (Austin, TX, USA). 

Bacterial Strains and Plasmid

E. coli LE392 is F- supE44 supF58
lacY1 or ∆(lacIZY)6 trpR55 galK2
galT22 metB1 hsdR14(rk

- mk
+), and

MIC3027 is LE392 plus rnhA-339::cat
(7). Plasmid pT7RNH1 was construct-
ed for expression of Saccharomyces
cerevisiae RNase H1 (2) in which the
RNH1 gene had been inserted between
the T7 promoter and terminator of pET-
3a (Novagen, Madison, WI, USA). 

Preparation of E. coli Cell Extracts

Cells were grown in 5 mL of LB
medium to A600 = 0.5 at 37°C and har-
vested by centrifugation at 10 000 rpm
(Model SS-34 Rotor; Sorvall, New-
town, CT, USA) for 1 min. The bacteri-
al pellet was resuspended in 100 µL of
TEP buffer (100 mM Tris-HCl, pH 7.4,
10 mM EDTA, 1 mM phenylmethylsul-
fonylfluoride) and immediately frozen
by submersion in liquid nitrogen and
stored at -70°C. An aliquot of each
sample in a final volume of 10 µL was
mixed with loading buffer (50 mM
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Tris-HCl, pH 6.8, 1% SDS, 50 mM
dithiothreitol [DTT], 5% glycerol) and
boiled for 3 min before loading.

Preparation of Fluorescent RNA

A 1.2-kb run-off fluorescent-labeled
RNA transcript was synthesized from
EcoRI linearized pT7RNH1 plasmid
with T7 RNA polymerase using various
fluorescent-labeled UTPs (fluorescein
12-UTP, tetramethylrhodamine 5-UTP,
Texas Red 5-UTP, DNP 11-UTP, Cas-
cade Blue 7-UTP, Bodipy-FL-14-
UTP, Bodipy-TMR-14-UTP and Bod-
ipy-TR-14-UTP; all from Molecular
Probes, Eugene, OR, USA). Bodipy-
TR-14-UTP (or the other modified
UTPs) and UTP (molar ratio 1:4) plus
the remaining three NTPs were used in
a 20-µL reaction according to instruc-
tions provided by Ambion in their
FLUORscript T7 Transcription Kit.

Preparation of RNA-DNA Hybrid

Bodipy-TR-14-UTP-labeled RNA-
DNA hybrid was produced by RT using
SUPERSCRIPT II Reverse Transcriptase
(RNase H minus) (Life Technologies).
The DNA oligonucleotide BC60 (5′-
GGG CCC GGA TCC TTA TCG TCT
AGA TGC TCC TTT CTT CGC) (62
pmol) was annealed to the RNA tran-
script (1.5 µg, 4 pmol), and synthesis
was carried out in a volume of 20 µL in

a buffer containing 50 mM Tris-HCl
(pH 8.3), 75 mM KCl, 3 mM MgCl2, 10
mM DTT and 0.5 mM of each of 4
dNTPs. The mixture was preincubated
at 42°C for 2 min. After addition of 1
µL (200 U) of SUPERSCRIPT II Reverse
Transcriptase, the reaction was incubat-
ed at 42°C for 50 min. The reaction was
terminated by heating at 70°C for 15
min. RNA-DNA hybrid was purified by
phenol-extraction and ethanol-precipita-
tion. The final pellet (3 µg) was then re-
suspended in 20 µL of 10 mM Tris- HCl
(pH 7.9) and 50 mM NaCl. That the
product was RNA-DNA hybrid was
confirmed by digesting the hybrid with
RNase HI, E. coli RNase III and RNase
T1 or pancreatic RNase. Only RNase H
digested the RNA-DNA hybrid (data
not shown). [32P]poly(rA)-poly(dT) was
prepared as described previously (2).

Renaturation Gel Containing 
Fluorescent RNA-DNA Hybrid

SDS-polyacrylamide gels (15%)
were prepared according to Laemmli
(10) except that Bodipy-TR-14-UTP-
labeled RNA-DNA hybrid (1.5 µg) was
included in the resolving gel solution
before polymerization. The amount and
source (purity) of SDS has been shown
to be important for renaturation (9). We
used SDS from several different sources
and often included twice the Laemmli

concentration of SDS without any no-
ticeable affect (data not shown). Gels
were 8 × 8 × 0.1 cm, with the resolving
gel being 6 mL and the stacking gel 1.5
mL. Rainbow Protein Markers (Amer-
sham, Arlington Heights, IL, USA)
were used to monitor migration and as
size markers. Generally, the gels were
run at 80 V for the first 40 min and then
at 150 V for an additional 90 min. For
the radioactive substrate, the separating
SDS-PAGE (15%) contained 0.25 nmol
(2 × 106 cpm) of [32P]poly(rA)-poly
(dT). After renaturation, the band of
RNase H activity was detected by ex-
posing to X-ray film (1). 

Detection of Renaturation Gel by
Use of the Fluorescence Scanner

After electrophoresis, the gel was
soaked in renaturation buffer [50 mM
Tris-HCl, pH 7.9 (or pH 7.4 for reverse
transcriptase), 50 mM NaCl, 10 mM
MgCl2 (or 2 mM MnCl2 for reverse
transcriptase), 10 mM 2-mercaptoeth-
anol] at room temperature (1). The
buffer was changed every hour (at least
3 times). After various periods of renat-
uration, the gel was scanned using the
red-excited laser of the Storm 840
System (Molecular Dynamics, Sunny-
vale, CA, USA). RNase H activity ap-
pears as a clear band due to the loss of
RNA by degradation and elution of the
products from the gel.
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Figure 1. A schematic representation of the fluorescent-labeled RNase H renaturation gel protocol.
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RESULTS

Figure 1 depicts the preparation of
the fluorescent-labeled RNA-DNA hy-
brid and the protocol for the RNase H
renaturation gel assay. This method can
be used to detect proteins with RNase
H activity in either purified or crude
systems, since proteins of interest could
be separated by SDS-PAGE, renatured
in the buffer that is optimum for RNase
H activity and visualized by loss of
substrate from the gel.

Labeling of RNA-DNA Hybrids 
and Detection by the Scanning 
Fluorescent Imager

We tested eight modified UTPs for
their ability to be incorporated into
RNA that (i) could be reverse-tran-
scribed, (ii) detected by either the red-
or blue-fluorescent laser of the Storm
system and (iii) degraded by RNases H.
Bodipy-TR14 UTP was readily incor-
porated into RNA, the RNA could be
reverse-transcribed to make RNA-DNA
hybrids, and when scanned by the red-
laser fluorescence scanner, gave a
strong signal. None of the other UTP
analogues was as efficient in the overall
process as Bodipy-TR14 UTP (data not
shown).

Detection of E. coli RNase HI by
Fluorescent-Labeled Substrate

By using this method, we were able
to detect E. coli RNase HI (18 kDa) as
clear bands by fluorescence scanning.
Molecular masses of the marker pro-
teins do not reflect the true size of the
proteins but are helpful in showing in
which region of the gel the activity ap-
pears. Upon 40 h of renaturation (Fig-
ure 2A), we observed RNase H enzy-
matic activities from samples with
enzyme quantities from 5–200 ng as
clear bands. Scanning requires about 15
min, and the gel can be immediately re-
turned for continuation of the renatura-
tion-degradation process. By contrast,
the traditional radiolabeling method re-
quires a few hours’ to overnight expo-
sures to X-ray film, unless the amount
of radioactivity is very high. If an imag-
ing device similar to the PhophorIm-
ager mode of the Storm system is
used, shorter exposures can be used.
Thus, the fluorescent substrate method
requires a relatively short time for de-

tection. At the same time, the detection
limit of E. coli RNase HI was found to
be of comparable sensitivity to that us-
ing radiolabeled substrates (Figure 2B). 

LE392 and MIC3027 Crude Cell 
Extracts

Strain LE392 has endogenous wide-
type E. coli RNase HI; whereas, the

strain MIC3027, a derivative of LE392,
contains the cat gene inserted in the
rnhA gene, thereby eliminating produc-
tion of the RNase HI protein. We were
able to use this renaturation gel method
to detect the endogenous RNase HI in
LE392; whereas, such a signal was ab-
sent from crude cell extracts of MIC-
3027, as expected (data not shown).
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Figure 3. The effect of adding crude extract of MIC3027 to different amounts of pure E. coli RNase
HI. One microliter of the frozen cells (2.5 × 107 cells/µL) was added to different amounts of E. coli
RNase HI (0, 1, 2, 5, 10, 25, 50, 100 and 200 ng) in a total volume of 10 µL and boiled for 3 min before
loading. The gel image was obtained after 5-h renaturation.

Figure 2. The images of renaturation gels with different amounts of pure E. coli RNase HI. (A) Re-
naturation gel with Bodipy-TR-14-UTP labeled RNA-DNA substrate was scanned. Different amounts of
E. coli RNase HI (5–200 ng) were loaded onto a 15% SDS-polyacrylamide gel. This image is of the gel
after 40 h renaturation. (B) A second renaturation gel was generated under the same conditions as the gel
in Panel A, but 32P-labeled poly(rA)-poly(dT) substrate was used, and the gel was exposed to X-ray film
for 16 h. Molecular mass markers are in lane M. Sizes of these markers are noted on the right side of this
and subsequent figures.



Increasing the RNase H Signal by
Adding MIC3027 Cell Extracts to
Pure E. coli RNase HI

Hager and Burgess found that inclu-
sion of a protein migrating faster in the
SDS-PAGE permitted the recovery of
several proteins that were less damaged
when electrophoresis was performed
without the additional protein (6). Sim-
ilarly, inclusion of bovine serum albu-
min (BSA) in the separating gel during
polymerization can increase the sensi-
tivity of renaturation and degradation
(12). Presumably, chemicals in the
polyacrylamide gel react with the
fastest moving proteins or the BSA im-
mobilized in the gel, which damages
them in an irreversible manner and
thereby protects the slower migrating
proteins. We tested if addition of other
proteins would also have a similar ef-
fect on the recovery of RNase H activi-
ty. We mixed different amounts of puri-
fied E. coli RNase HI with a crude
extract from MIC3027 (equivalent to
2.5 × 107 cells). Figure 3 shows the im-

age of the gel after 5-h renaturation.
Usually it requires 40 h to fully rena-
ture such quantities of E. coli RNase
HI, but in this case, 5 h was sufficient.
By adding the crude extract of MIC-
3027, we were able to detect as little as
1 ng of RNase HI; however, 5 ng were
needed without this crude mixture
(compare Figures 2 and 3). This
showed that the detection limit of
RNase HI was greatly lowered. More-
over, more bands of activity are present
that are dependent on the added crude
extract and pure RNase HI.

Inclusion of a Single Protecting 
Protein

To confirm that faster migrating pro-
teins would absorb the damaging
chemicals and lead to a higher sensitiv-
ity of RNase H activity, we mixed 10
µg of lysozyme (14.3 kDa) with differ-
ent amounts of E. coli RNase HI and
electrophoresed the mixture in gels
containing the fluorescent substrate. At
the same time, we could determine if
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Figure 4. Increasing the sensitivity of RNase H activities by adding lysozyme to pure E. coli RNase
HI. The first four lanes contain 10, 5, 2 and 0.5 ng pure E. coli RNase HI. The next lanes included 10 µg
of lysozyme mixed with 0.5, 2, 5 and 10 ng purified E. coli RNase HI before boiling the samples in sam-
ple buffer. The top scan is of the entire gel after 20-h renaturation-degradation. The region marked by the
arrows on the left is shown after 28-, 43- and 50-h reactions. The bottom image is of a scan of the entire
gel after 65 h.
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the RNase H activities result from in-
teraction of RNase HI with itself or
with proteins in the cell extract or both.
After 20 h of renaturation, 5 and 10 ng
of RNase H produced clear bands (Fig-
ure 4) but only when lysozyme was in-
cluded. This result indicated that addi-
tion of lysozyme can facilitate the
renaturation-degradation process for E.
coli RNase HI. After 43 h, all samples
(0.5–10 ng of E. coli RNase HI) with
lysozyme could be detected. In con-
trast, in the absence of lysozyme, 5 ng
of RNase H were necessary to give an
observable band (Figure 4). Even after
a prolonged renaturation (65 h), no
band could be observed from samples
with less than 5 ng of E. coli RNase HI
when no lysozyme was added. Thus,
the presence of lysozyme can enhance
the detection limit of RNase H activity.
Moreover, the results presented in Fig-
ure 4 demonstrate the time-dependence
of the renaturation-degradation pro-

cess; after 43 h, bands are visible with
0.5–2 ng of RNase H, which are absent
in the 20-h scan. The pattern of bands
of RNase H activities was not very dif-
ferent from that shown in Figure 3 in
which a crude lysate of E. coli was in-
cluded. The activity observed migrat-
ing at 36 kDa suggests there is some
dimer of the 18-kDa RNase H, whereas
the degradation activity migrating be-
tween the monomer and putative dimer
could result from dissociation of
dimers during electrophoresis.

Detection of Reverse Transcriptases

Reverse transcriptases contain an
RNase H activity, which can be detect-
ed in renaturation gel assays (5,13). We
tested the fluorescent substrate gels to
see if HIV and MuLV reverse transcrip-
tases can be detected. HIV-1 reverse
transcriptase is composed of two poly-
peptides, p66 and p51. These polypep-
tides are identical except that p51 is

lacking the C-terminal RNase H do-
main. MuLV reverse transcriptase is a
single 69-kDa polypeptide. Frank et al.

Figure 5. Detection of HIV and MuLV reverse
transcriptases. 50, 100 and 500 ng of reverse
transcriptases were separated on a 10% polyacry-
lamide gel containing SDS. The gel was rena-
tured in renaturation buffer in which 2 mM Mn2+

replaced Mg2+, and the pH was at 7.4. The upper
part of the figure is a portion of the gel scanned
after 24-h renaturation-degradation and the bot-
tom is a scan after 68-h incubation.
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showed that renaturation-degradation
for reverse transcriptases, using Mn2+

as the metal ion, permits detection of
lower amounts of enzymes than when
using Mg2+ (5); therefore, we used 2
mM Mn2+ in the renaturation buffer
instead, and the pH was at 7.4. Mn2+ is
more stable at this lower pH. The gel
depicted in Figure 5 shows a band of
RNase H activity migrating at 66 kDa
but not at the position of p51 for the
HIV reverse transcriptase samples (50–
500 ng) and at 69 kDa for MuLV re-
verse transcriptase (50–500 ng). For
these two proteins, clear bands ap-
peared after different times of renatura-
tion-degradation. When renaturation
buffer with Mg2+ was used, we were
unable to detect any bands even after 3
days of renaturation for these samples
(data not shown).

DISCUSSION

We have described a new method for
RNase H activity detection in an in situ
renaturation gel using fluorescent-la-
beled RNA-DNA hybrid. The sensitivi-
ty is comparable to that using radiola-
beled substrates. There are several
advantages of the technique described
here: (i) the substrate has a half-life that
is much longer than the usual 32P-la-
beled substrates used; (ii) the time re-
quired for scanning is short (about 15
min) compared with the several hours’
to overnight exposures to X-ray film
using the radioactively labeled sub-
strate; and (iii) the gel can be processed
without the precautions necessary
when handling radioactivity. 

In the process of developing this
fluorescent method, we tested eight dif-
ferent fluorescent nucleotides. Compar-
ing these eight fluorescent-labeled
RNAs, we observed that fluorescein 12-
UTP gives the best fluorescent signal
with blue-excited laser, and Bodipy-
TR-14-UTP provides the best image
when red-excited fluorescence laser is
used. When we compared the images of
RNA-DNA hybrids from fluorescein
12-UTP and Bodipy-TR-14-UTP, we
found that Bodipy-TR-14-UTP gives
higher quality images. Moreover, we
also investigated the effect of using dif-
ferent amounts (0.3, 0.75, 1.5 and 3 µg)
of fluorescent RNA-DNA substrate on
the quality of gel images and found that

1.5 µg of substrate gave the best quality
images. Thus, we used 1.5 µg of Bod-
ipy-TR-14-UTP-labeled RNA-DNA
substrate in all renaturation gels. Bod-
ipy emits at 670 nm, which is not opti-
mum for the fluorescence scanning de-
vice used in this study, and an
alternative label with optimal emission
might yield even greater sensitivity.
However, none of the UTP label we
tested has the desired properties.

Using gels containing the fluores-
cent-labeled RNA-DNA hybrid, we
have shown that RNases H of E. coli
and retroviral reverse transcriptases can
be detected. Inclusion of either crude
extracts of E. coli or lysozyme results
in a decrease in the amount of purified
RNase HI necessary for detection. This
latter observation emphasizes the need
for care in use of these gels for quanti-
tative comparisons. Not only are indi-
vidual proteins likely to exhibit differ-
ent rates and extents of renaturation,
but our results show that the compo-
nents of the protein mixture have sub-
stantial influence on the level of RNase
H to be detected.

Two intriguing observations about
E. coli RNases H (I and II) were seen.
First, we often observed RNase H ac-
tivity migrating at 36 kDa, the size of a
dimer of RNase HI. There is no evi-
dence that this protein forms dimers,
but with this particular preparation of
RNase H, we usually detect a small
amount of protein by the gel assay, by
staining with Coomassie Blue and by
Western blot analysis (data not shown),
which migrates as if it were a dimer.
We also fail to detect E. coli RNase HII
activity, which would be expected to
migrate at 25 kDa. Further studies will
be necessary to determine if RNase HII
can be detected using the substrate de-
scribed in this report.
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