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he demand for highly sensitive and

fast high-throughput biological

screening systems without the need
for complex instrumentation has increased
dramatically during recent years and is likely
to increase even further in the near future.
Especially, the complexity of modern scien-
tific and clinical investigations' emphasizes
the need for easy-to-handle methods for
thorough molecular characterization of of-
ten very small crude samples of biological
material.

In line with such assay requirements we
recently developed a novel single-molecule
detection system for the scientifically and
clinically important human enzyme, topoi-
somerase | (Topl).2 Topl exerts important
cellular functions by introducing transient
single-stranded DNA breaks in the human
genome allowing the relaxation of superhe-
lical tension arising as a consequence of
DNA tracking processes.> Moreover, the en-
zyme is of substantial clinical interest, being
the sole cellular target for the important an-
ticancer chemotherapeutics, camptoth-
ecins, of which the cytotoxic effect has been
demonstrated to correlate directly with the
intracellular Topl activity level.*” Hence, a
robust single-molecule activity assay for this
enzyme would be of both scientific and
clinical value.

The development of the previously pre-
sented single-molecule Topl activity assay
was accomplished by Topl-mediated circu-
larization of a synthetic DNA substrate, fol-
lowed by signal enhancement via
polymerase-driven rolling circle amplifica-
tion (RCA). The substrate for Topl comprised
a single oligonucleotide, which was con-
verted to a closed DNA circle by a single
Topl cleavage—ligation event. For each cir-
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ABSTRACT We previously demonstrated the conversion of a single human topoisomerase | mediated DNA
cleavage —ligation event happening within nanometer dimensions to a micrometer-sized DNA molecule, readily
detectable using standard fluorescence microscopy. This conversion was achieved by topoisomerase | mediated
closure of a nicked DNA circle followed by rolling circle amplification leading to an anchored product that was
visualized at the single molecule level by hybridization to fluorescently labeled probes (Stougaard et al. ACS Nano
2009, 3, 223 —33). An important inherent property of the presented setup is, at least in theory, the easy
adaptability to multiplexed enzyme detection simply by using differently labeled probes for the detection of
rolling circle products of different circularized substrates. In the present study we demonstrate the specific
detection of three different enzyme activities, human topoisomerase I, and Flp and Cre recombinase in nuclear
extracts from human cells one at a time or multiplexed using the rolling circle amplification based single-molecule
detection system. Besides serving as a proof-of-principle for the feasibility of the presented assay for multiplexed
enzyme detection in crude human cell extracts, the simultaneous detection of FIp and Cre activities in a single
sample may find immediate practical use since these enzymes are often used in combination to control
mammalian gene expression.

KEYWORDS: single-molecule detection - tyrosine recombinases - human
topoisomerase | - multiplexing - rolling circle amplification

cularized substrate subsequent RCA re-
sulted in the creation of one rolling circle
product (RCP) consisting of multiple (up to
10%) tandem copies of the circularized Topl
substrate.>8-'° Each RCP could consequently
be optically detected at the single mol-
ecule level by hybridization to fluorescently
labeled probes followed by microscopic
analysis. Using this setup we demonstrated
the specific and highly sensitive (10—100
fold enhanced sensitivity compared to stan-
dard bulk assays) detection of Topl activity
at the single cleavage—ligation event level
in purified enzyme fractions or crude ex-
tracts from yeast.?

Compared to other single-molecule ac-
tivity assays for Topl, in which magnetic
tweezers, optical trapping, or other special-
ized setups are used to manipulate
DNA,""-'> the RCA-based detection system
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imposes the advantage of being easily adaptable to
multiplexed enzyme detection. This can be accom-
plished simply by using differently labeled probes to
detect RCPs generated from different DNA substrates
specifically circularized by different enzyme activities.
At least theoretically, the only limitation of multiplexed
enzyme detection using the RCA-based setup is the
available number of different optical nanobeads, and
this number is continuously increasing.®

In the present study we demonstrate the specific de-
tection of two Topl related enzymes, Flp and Cre recom-
binase, at the single-molecule level using an RCA-based
assay system. Moreover, we present multiplexed detec-
tion of either recombinase together with Topl as well as
of all three enzyme activities together in crude nuclear
extracts from human cells. Besides serving as a proof-of-
principle for the feasibility of the RCA-based assay setup
for multiplexed enzyme detection in crude biological
samples, the specific and multiplexed detection of Flp
and Cre activities are likely to find immediate practical
use.

Flp and Cre both use the basic Topl cleavage—
ligation mechanism'”'® to mediate highly controllable
and conservative recombination between two specific
sites (FRT sites for FIp'® and LoxP sites for Cre?°) on part-
ner DNA helices, which depending on the composition
of the recombined DNA may lead to deletions, inser-
tions, or inversions. These reaction schemes taken to-
gether with the fact that Flp and Cre are not naturally
expressed in mammalian cells have been successfully
utilized to control gene expression in mammalian test
systems by inserting the relevant recombination sites
and expressing the partner recombinase in a controlled
manner.?'?2 Moreover, during recent years a massive ef-
fort has been put into the development of Flp- or Cre-
based gene integration systems for therapeutic
purposes.-26

At present there exist no quick easy-to-handle activ-
ity assays with a sensitivity high enough to reliably de-
tect Flp and/or Cre activity in small crude biological
samples. Hence, the presented multiplexed single-
molecule RCA-based detection of Flp and Cre activi-
ties, requiring only the access to a fluorescence micro-
scope, are of anticipated value for both scientific and
future clinical applications as a positive control for pro-
tocols relying on recombinase activity.

RESULTS AND DISCUSSION

Design of Specific Single-Molecule Detection Assays for Topl,
Flp, and Cre Cleavage —Ligation Activities. The experimental
setup for single-molecule detection of the cleavage—
ligation activities of Topl, Flp, and Cre relies on synthetic
DNA substrates (referred to S(Topl), S(Flp), and S(Cre),
respectively) designed in such a way that they are con-
verted to single-stranded DNA circles upon reaction
with their respective enzyme partners (see Figure 1A).

S(Topl), which was described previously,? folds into
a double-looped dumbbell-shaped structure of which
the double-stranded stem has a preferred interaction
sequence for Topl?” and the properties of a standard
Topl cleavage—ligation substrate.?®-*° Topl-mediated
cleavage on this substrate occurs three bases upstream
to the oligonucleotide 3'-end (indicated by an arrow,
Figure 1A) and results in the temporary covalent attach-
ment of the enzyme via a 3'-phoshotyrosyl linkage
and dissociation of the released three-nucleotide frag-
ment. This allows the 5’-overhang of the substrate to fill
in the generated gap, and bring the 5'-hydroxyl group
in position for the ligation reaction, which generates a
closed DNA circle.

S(Flp) and S(Cre) both fold into single-looped struc-
tures with a partly single-stranded stem region having
a sequence matching a half FRT- and a half LoxP site, re-
spectively (Figure 1A). Flp and Cre both act in a strictly
sequence specific manner with a half FRT site being the
minimal cleavage—ligation substrate for FIp3'32 and a
half LoxP site being the minimal cleavage—ligation sub-
strate for Cre.>* Hence, S(Flp) or S(Cre) is cleaved specif-
ically by Flp or Cre three bases upstream to the 3’-end
of the oligonucleotide. For both recombinases, cleav-
age is accompanied by a temporary covalent attach-
ment of the enzyme to the substrate via a 3'-
phosphotyrosyl linkage and the diffusion of the short
oligonucleotide that is cleaved off. Ligation occurs to
the 5’-OH end of the oligonucleotide converting the
substrate to a closed single-stranded circle (Figure TA).

Topl, Flp, or Cre mediated circularization of S(Topl),
S(Flp), or S(Cre), respectively, is detected using a solid
support assay RCA and fluorescent labeling as de-
scribed previously.%'° The RCA is initiated from a primer
(RCA-primer), with a sequence matching the primer an-
nealing sites (denotated “p” in Figure 1B). The RCA-
primer is attached to a glass surface to ensure anchor-
ing of the generated RCPs. RCPs are subsequently
detected at the single-molecule level by annealing of
specific fluorescently labeled probes (detection probes)
to an unique identifier sequence of the substrates (“/”
Figure 1B) and microscopic analysis. It was previously
shown that each microscopically detected fluorescent
spot represents one RCP, which (since the reaction pro-
cedure involves no thermal cycling) in turn represents
one closed circle product.?’ Hence, since each
cleavage—ligation reaction by Topl, Flp, or Cre gener-
ates one closed circle product the presented setup al-
lows the activity of each of these enzymes to be de-
tected at the level of single cleavage—ligation events
as previously established for the Topl assay.2 Moreover,
each of the substrates S(Topl), S(Flp), and S(Cre) is de-
signed in such a way that they can be circularized only
by their specific target enzyme (Topl, Flp, and Cre, re-
spectively) to allow for multiplexed detection of all
three enzymes in a single reaction. This is accomplished
in the following manner: For Flp and Cre, which cleave
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Figure 1. Schematic representation of the solid support RCA-based Flp, Cre, and Topl activity detection assays. (A) The Topl
reaction is shown at the top of the figure. S(Topl) folds into a double looped dumbbell-shaped structure, with one loop con-
taining an identifier element (marked i), the other loop containing the primer hybridization sequence (marked p), and the
double-stranded stem region having a preferred Topl recognition sequence (the sequence shown in letter code). The pre-
ferred Topl cleavage site is situated three bases upstream to the 3’-end of the dumbbell structure forming oligonucleotide
(marked with an arrow) and the 5’-end of the oligonucleotide contains a three-bases overhang matching the noncleaved re-
gion of the stem. Note, that the oligonucleotide has a 5’-hydroxyl end making it suitable for Topl-mediated ligation. Follow-
ing Topl-mediated cleavage at the preferred cleavage site the generated three-nucleotide fragment diffuses away and the 5'-
three nucleotide overhang anneals to the noncleavage strand positioning itself for Topl-mediated ligation. Topl seals the
nick in the substrate by ligating the 5'-hydroxyl end and dissociates from the substrate. This reaction transforms the open
dumbbell-shaped substrate into a closed circle. Since the reaction equilibrium of Topl is shifted toward ligation the forma-
tion of the closed circular product is favored. The Flp reaction is shown at the middle of the figure. S(Flp) folds into a partly
single stranded loop structure, with the stem forming a half FRT site (shown by letter code), which is the minimal cleavage
site for Flp, and the loop containing the identifier element (i) and the primer hybridization sequence (p). Flp cleavage, which
is indicated by an arrow, leads to the formation of a covalent cleavage intermediate and dissociation of the short nucle-
otide generated during cleavage. Following cleavage the enzyme will ligate the 5’-hydroxyl end of the substrate forming a
closed DNA circle. As for Topl the reaction equilibrium is shifted toward ligation favoring the formation of circular products.
The Cre reaction is shown at the bottom of the figure. S(Cre) resembles S(Flp) except that the stem part of the substrate con-
tains the sequence (shown by letter code) of half a LoxP site, which is the minimal cleavage substrate for Cre. The reaction
of Cre is reminiscent of the Flp reaction and leads to a circular product. Note, that the RCA-primers for all three substrates (in-
dicated by arrows, at the p elements) are designed in such a way the polymerase will encounter the strand interruption of
the substrate before the identifier element. This is to minimize the risk of false positives in the assay. (B) RCA-based solid sup-
port visualization of Topl, Flp, or Cre generated circular DNA products. The p region of each of S(Topl), S(Flp), or S(Cre) is hy-
bridized to a 5'-amine linked primer attached to a glass surface, which allows polymerase-assisted RCA of the circularized
substrates (on unreacted open substrates the replication reaction is terminated at the strand interruption). Visualization is
performed by hybridization of fluorescently labeled oligonucleotide probes to the RCP region corresponding to the i element
of the dumbbell-substrate. Gray ellipses marked Topl, Flp, Cre, and Pol represents Topl, Flp, Cre, and Phi29 polymerase, re-
spectively. The asterisks represents the fluorophores.
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DNA in a strictly sequence specific manner,'’-2 the ex-
clusive reaction of each of these enzymes with their
specific substrates is ensured by simple sequence de-
sign. Topl, on the other hand, cleaves DNA in a rather
sequence independent manner.? This enzyme, how-
ever, requires a six base pairs stretch of double-
stranded DNA spanning positions 6—11 downstream
to the cleavage site.3* This is not a prerequisite for the
recombinases.3'-33 Therefore, unspecific cleavage of
S(Flp) or S(Cre) by Topl is be prevented by including in-
sufficient length of double-stranded DNA downstream
to the cleavage site in these substrates.

Specific Detection of Flp, Cre, and Topl Activities at the Single-
Molecule Level Using Purified Enzymes. The feasibility of the
described RCA-based detection system as a highly sen-
sitive Topl activity assay allowing specific visualization
of single Topl cleavage—ligation events was confirmed
earlier.? The focus of the present study was to demon-
strate specific detection of Flp and Cre activities at the
single-molecule level as well as to establish the suitabil-
ity of the presented experimental setup for multiplexed
enzyme detection.

First, the ability of S(Flp), and S(Cre) to serve as spe-
cific substrates for their respective enzyme partners was
tested using purified recombinant enzymes (Figure
2A). The previously published Topl reaction was in-
cluded as a positive control in these experiments. The
substrates S(Flp), S(Cre), or S(Topl) were incubated with
approximately 10 fmol of Flp, Cre, or Topl before RCA.
Single-molecule visualization of the resulting RCPs was
achieved by the addition of specific fluorescently la-
beled probes p(Flp), p(Cre), and p(Topl) with sequences
matching the “i” sequences (see Figure 1) of S(Flp),
S(Cre), and S(Topl), respectively. Consistent with FITC-
labeling of p(Flp) the Flp reaction resulted in the occur-
rence of green fluorescent spots (Figure 2B, panel |),
while the Cre and Topl reactions, which were visual-
ized by hybridization of RCPs to rhodamine-labeled
p(Cre) and p(Topl), respectively, resulted in red fluores-
cent spots (Figure 2B, panels ll—11l). Omission of Flp, Cre,
or Topl in the reactions resulted in the absence of any
signals (data not shown). Moreover, as previously dem-
onstrated for the Topl RCA assay? the occurrence of
fluorescent signals coincided with the presence of 3'-
exonuclease resistant DNA circles in the recombinase
reactions (data not shown), strongly supporting that the
recombinase activity detection occurs via RCA of the cir-
cularized substrates as outlined in Figure 1.

To test the specificity of the three substrates, S(Flp)
was incubated with Topl and Cre, S(Cre) with Topl and
Flp, and S(Topl) with Cre and Flp before RCA and hy-
bridization to the appropriate fluorescently labeled
probes. As evident in Figure 2B, panels IV—VI, no fluo-
rescent signals were observed in any of the samples
suggesting that, at least between Flp, Cre, and Topl,
each of the substrates was circularized to form tem-
plates for RCA only by its specific enzyme partner. Fi-
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nally, the specificity of the probes was tested by prob-
ing the sample of panel | with p(Cre) and p(Topl), the
sample of panel Il with p(Flp) and p(Topl), or the sample
of panel lll with p(Flp) and p(Cre). The lack of fluores-
cent signals in samples treated in this manner (panels
VII—IX) demonstrated that each probe hybridized to its
partner substrate in a highly specific manner.

Note, the aim of the experiments shown in Figure 2
was strictly to demonstrate the specific detection of
Flp, Cre, and Topl activities using the RCA-based assay
and that quantitative detection of the three enzyme ac-
tivities was not attempted. Each of the pictures shown
in Figure 2 was randomly picked out of a collection of
many. The variation in signal numbers between differ-
ent areas of each microscopic slide (all representing the
same sample) approximated the variation in the num-
ber of signals between pictures representing different
samples (i.e., the variation between panels I-1ll). No sig-
nals were observed in any pictures of the samples rep-
resented by panels IV—IX.

Specific Detection of Flp, Cre, and Topl Activities in Nuclear
Extracts from Human Cells Using the RCA-Based Activity Assay.
For most applications it is imperative that the assay per-
forms well in crude cell extracts since many analyses
rely on very small biological samples, which do not al-
low for enzyme puirification.

Cell extracts challenge the assay by containing a di-
versity of DNA-modifying enzymes, such as ligases and
repair enzymes, with a potential capacity for circulariz-
ing the utilized DNA substrates and creating false posi-
tives in addition to the desired Flp, Cre, or Topl spe-
cific signals. Most DNA-modifying enzymes,
however, require divalent cations for activity,3>3¢
while Flp, Cre, and Topl all perform well in the ab-
sence of any cofactors.>'”1® Hence, false positive sig-
nals caused by unspecific enzyme activities present
in cell extracts are likely to be avoided simply by
chelating divalent cations by adding surplus EDTA
to the reaction mixtures containing crude cell ex-
tracts (the ensuing RCA step of the assay requires
the addition of Mg?*. However, before this step the
circularized products are hybridized to specific prim-
ers anchored on glass slides, and cell extracts
washed away. Hence, no false positives can occur in
this step of the assay). This strategy, indeed, previ-
ously allowed the specific detection of recombinant
human Topl in crude extracts from yeast cells using
the RCA-based detection assay.?

Most (if not all) putative scientific or clinical applica-
tions of the Flp, Cre, and Topl detection assay described
here would require the specific detection of these en-
zyme activities on a background of mammalian tissue
or cell extracts. Therefore, in the present study we ad-
dressed the possibility of specifically detecting Flp, Cre,
or Topl activities in extracts from human cells. For this
purpose we used human embryonic kidney cells
(HEK293T cells) either untransfected (for Topl detection)
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Figure 2. Specific RCA-based detection of Flp, Cre, or Topl using purified enzymes. (A) Coomassie stain of the purified enzymes
separated in a 10% SDS polyacrylamide gel. Lane 1, size marker (sizes are indicated to the left of the gel-picture); lane 2, Topl; lane
3, Cre; lane 4, Flp. (B) Solid support RCA-based Flp, Cre, or Topl detection. Panels 1—lll, the substrates S(Flp), S(Cre), or S(Topl)
were incubated with 10 fmol of purified Flp, Cre, or Topl, prior to RCA and microscopic detection of RCPs by hybridization to FITC-
labeled p(Flp), or rhodamine-labeled p(Cre) or p(Topl) by fluorescence microscopy. Panel IV—VI are similar to panels 1-Ill ex-
cept that S(Flp) was incubated with Topl and Cre, S(Cre) was incubated with Topl and Flp, and S(Topl) was incubated Flp and
Cre. Panels VII—IX are similar to panels I—Ill, except that RCPs generated from S(Flp) were hybridized to p(Topl) and p(Cre), RCPs
generated from S(Cre) were hybridized to p(Flp) and p(Topl), and RCPs from S(Topl) were annealed to p(Flp) and p(Cre). The uti-
lized substrates are stated to the left of the figure, and the utilized enzymes and probes at the top of the pictures.
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or transfected with plasmids allowing the expression
of a recombinant thermal stabile mutant of Flp (Flpe)®”
or Cre. Nuclear extracts from these cells were incubated
with each of the substrates S(Flp), S(Cre), or S(Topl) in
a divalent cation-free buffer. Subsequently, the samples
were subjected to RCA, and the resulting RCPs were vi-
sualized by hybridization to the appropriate probes
(FITC-labeled p(Flp) or rhodamine-labeled p(Cre) or
p(Topl)) followed by microscopic analyses.

As demonstrated in Figure 3A, panel |, extracts from
cells expressing recombinant Flpe gave rise to green
fluorescent spots after incubation with S(Flp), whereas
no signals were observed after incubation of this extract
with S(Cre) (panel IV). Likewise, incubation of extracts
containing recombinant Cre (panels Il, V, and VIlI), with
S(Cre) resulted in the occurrence of red fluorescent sig-
nals (panel V) while no signals could be detected upon
incubation of this extract with S(Flp) (panel Il). Taken to-
gether, these results demonstrate the feasibility of de-
tecting both Flp and Cre activity in crude cell extracts
using the RCA-based assay and support that no other
enzyme activities create false positive signals under the
assay conditions. The specificity of the substrates was
further confirmed by the lack of signals observed after
incubation of extracts from untransfected cells with ei-
ther S(Flp) or S(Cre) followed by RCA and hybridization
to the appropriate fluorescently labeled probes (panels
Il and VI). Consistent with all extracts containing en-
dogenously expressed Topl, red fluorescent signals
were observed upon incubation of either extract with
S(Topl) (panels VII, VIII, and IX).

As mentioned, we previously demonstrated the spe-
cific detection of recombinant human Topl in crude ex-
tracts from yeast S. cerevisiae using S(Topl) as a sub-
strate for Topl activity. To address whether the red
fluorescent signals observed in Figure 3A (panels VI,
VI, and IX) could be ascribed specifically to Topl activ-
ity and were not caused by unspecific enzyme activities
present in human cells the experiments were repeated
using in vitro Topl-depleted human nuclear extracts
(Figure 3B).

Endogenously expressed Topl was depleted from
nuclear extracts from untransfected HEK293T cells by
adding a high molar surplus of a 5’-biotinylated so-
called Topl suicide DNA substrate (Figure 3B, left). This
substrate acts as a mechanism-based inactivator of Topl
by allowing Topl-mediated cleavage, while subsequent
ligation is prevented owing to diffusion of the three-
nucleotide fragment containing the 5'-hydroxyl end
generated during cleavage.? Hence, Topl becomes co-
valently trapped on the suicide substrate and is subse-
quently removed from the extract by coupling of the bi-
otinylated cleavage complexes to streptavidin-coated
magnetic beads. As demonstrated by Western blotting
(Figure 3B, middle) this treatment resulted in cell ex-
tracts with undetectable levels of free Topl (lane 3),
while mock depletion (incubation of cell extracts with

only the streptavidin-coated magnetic beads) did not
reduce the detectable amount of Topl relative to un-
treated cell extracts (compare lane 2 with lane 1).

Consistent with the lack of detectable Topl at the
protein level, incubation of the Topl-depleted HEK293T
nuclear extracts with S(Topl) followed by RCA and hy-
bridization of the resulting RCPs to rhodamine-labeled
p(Topl) resulted in only trace numbers of red fluores-
cent spots (Figure 3B, right, upper picture). Incubation
of the substrate with mock depleted extracts, on the
other hand, resulted in signals to a level comparable to
untreated cell extracts (Figure 3B, right, lower picture.
Compare to panels VII, VIII, or IX of Figure 3A). Hence,
the number of fluorescent signals detectable in each
sample corresponded to the amount of Topl present in
the utilized cell extracts strongly supporting the speci-
ficity of the Topl RCA-based assay in extracts from hu-
man cells.

Note, as with the experiment presented in Figure 2,
the results shown in Figure 3 are strictly qualitative and
no attempts were made to quantify the activities of
Flp, Cre, and Topl. The focus of the performed experi-
ment was to demonstrate the specific detection of each
of the three enzyme activities in the background of ex-
tracts from human cells.

Multiplexed Detection of Flp, Cre, and Topl at the Single
Cleavage—Ligation Event Level. The specific detection of
Flp, Cre, and Topl activities in crude cell extracts (dem-
onstrated in Figure 3) coupled with the possibilities of
labeling each activity by different color codes offered by
the visualization of RCPs by hybridization to specific flu-
orescently labeled probes holds great promise for mul-
tiplexed detection of the three enzymes.

To address the feasibility of multiplexing within the
limits of the experimental setup, extracts from cells
transfected with the Flpe or Cre expressing plasmids
or untransfected cells were incubated with S(Flp) and
S(Topl) (Figure 4, panels 1—-1V) or with S(Cre) and S(Topl)
(Figure 4, panels V=VIII) before RCA and hybridization
to the appropriate probes. In the experiments contain-
ing S(Flp) and S(Topl), RCPs originating from circular-
ized S(Flp) were visualized by hybridization to FITC-
labeled p(Flp) while RCPs originating for RCA of
circularized S(Topl) were visualized by rhodamine-
labeled p(Topl). Hence, Flpe mediated cleavage—
ligation events were expected to appear as green fluo-
rescent spots, while Topl mediated cleavage—ligation
events would result in red fluorescent spots. As shown
in Figure 4, panels | and Il, incubation of Flpe contain-
ing nuclear extracts with S(Flp) and S(Topl) resulted in
the appearance of both green and red fluorescent spots
representing Flp and Topl cleavage—ligation of their
specific substrates, respectively. This result demon-
strates the suitability of the presented RCA-based as-
say for multiplexed Flp and Topl detection. Moreover,
the lack of yellow signals in panels | and Il (which would
result from a merge of red and green signals) lends
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Figure 3. Specific RCA-based detection of Flp, Cre, or Topl in human cell extracts. (A) Solid support RCA-based Flp, Cre, or
Topl detection: (Panels I—Ill) S(Flp) were incubated with nuclear extracts from HEK293T cells transfected with the Flpe ex-
pression vector (0CAGGA FLPe), the Cre expression vector (pPGK cre pA), or untransfected prior to RCA and microscopic de-
tection of RCPs by hybridization to FITC-labeled p(Flp). (Panels IV—VI) Same as panels I—Ill except that S(Cre) was used as a
substrate instead of S(FIp) and p(Flp) was replaced by rhodamine-labeled p(Cre). (Panels VII-IX) Same as panels I—IIl, except
that S(Topl) was used as a substrate and RCPs were visualized by rhodamine-labeled p(Topl). (B) Test of the specificity of RCA-
based Topl detection in human cell extracts. Left is a schematic representation of the procedure for depleting Topl from
the nuclear extracts. A surplus of biotinylated suicide substrate was added to the extract, leading to covalent entrapment
of Topl present in the extract to the substrate. Cleavage complexes were removed by precipitation using streptavidin-
coupled magnetic beads. Middle depicts nuclear extracts from 2 x 10° cells, nontreated (lane 1), mock depleted (lane 2),
and Topl depleted (lane 3) analyzed by 10% SDS PAGE, and the Topl in samples visualized by Western blotting using a Topl
specific antibody. Right shows RCA-based detection of Topl in the Topl-depleted extract (top panel) and the mock-depleted
extract (lower panel). The utilized substrates are stated at the top of the microscopic pictures. The utilized extracts are stated
to the left or the right of the pictures. (Flp) extracts from cells transfected with the Flpe expression vector; (Cre) extracts from
cells transfected with the Cre expression vector; (Wt) untransfected cells; (Wt-d) Topl depleted nuclear extract; (Wt-m) mock
depleted nuclear extract.
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further credence to the notion that each spot repre- of a single DNA circle arising from a single cleavage—
sents a single RCP, which in turn originates from RCA ligation event. Further supporting the specificity of the
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Figure 4. Multiplexed detection of Flp and Topl or Cre and Topl in nuclear extracts from hu-
man cells using the RCA-based assay. (Panels 1—1V) Microscopic pictures showing the results
obtained when a mixture of S(Flp) and S(Topl) was incubated with extracts from cells trans-
fected with the Flpe expression vector (panels I—11), the Cre expression vector (panel lll), or un-
transfected cells (panel IV), prior to RCA and hybridization to FITC-labeled p(Flp) and
rhodamine-labeled p(Topl). Blowups of selected areas of the pictures are shown in the lower
part of panels | and Il for clarity. (Panels V—VIIl) same as panels -1V, except that a mixture of
S(Cre) and S(Topl) was used in the assay. RCPs were visualized by hybridization to rhodamine-
labeled p(Cre) and FITC-labeled p(Topl). The utilized substrates are stated at the top of the
microscopic pictures. The utilized extracts are stated to the left or the right of the pictures.
(Flp) extracts from cells transfected with the Flpe expression vector; (Cre) extracts from cells
transfected with the Cre expression vector; (Wt) untransfected cells.

assay only red spots representing Topl cleavage-
ligation events were observed upon incubation of S(Flp)
and S(Topl) with extracts from cells transfected with
the Cre expressing plasmid (panel Ill) or from untrans-
fected cells (panel IV).

ACINAN() voL. 3 « NO.12 = ANDERSEN ET AL.

pression vectors

In the experiments containing
S(Cre) and S(Topl), RCPs originating
from circularized S(Cre) were visual-
ized by rhodamine-labeled p(Cre)
while RCPs originating from RCA of
circularized S(Topl) were visualized
by FITC-labeled p(Topl). Hence, in
these experiments Cre-mediated
cleavage—ligation events would ap-
pear as red fluorescent spots, while
Topl reactions were expected to re-
sult in green fluorescent spots. Con-
sistent with these expectations red
fluorescent spots in addition to green
spots were only observed upon incu-
bation of the substrate pair S(Cre)
and S(Topl) with extracts from hu-
man cells expressing Cre (Figure 4,
panels VI and VII). This result demon-
strates that Cre cleavage—ligation
activity, like the Flp activity, can be
detected on a background of Topl ac-
tivity in a multiplexed setup. As for
the multiplexed detection of Flp and
Topl, the lack of yellow spots in these
samples strongly supports that each
fluorescent spot represents a single
RCP. Moreover, the specificity of the
assay was confirmed by the lack of
red spots when the S(Cre), S(Topl)
substrate pair was incubated with ex-
tracts from cells expressing Flpe and
endogenous Topl (panel V) or only
endogenous Topl (panel VIII). As with
the experiments presented in Fig-
ures 2 and 3 the pictures shown in
Figure 4 were randomly selected out
of a collection of many and no direct
attempts were made to quantify the
activity levels of the three enzymes.
However, the simultaneous detection
of Flp and Topl or Cre and Topl activi-
ties in the multiplexed setup (panels
I and Il or VI and VII) strongly suggest
the activity levels of the recombi-
nases to be much lower than the ac-
tivity level of Topl in the analyzed cell
extracts (Note, the numbers of Flp/
Cre specific-signals relative to Topl
specific-signals were comparable all
over the microscopic slide). Whether
this difference is caused by different

protein levels in the cell extracts or different activity lev-
els of the enzymes per se is not clear. The expression of
untagged Flpe and Cre from the commonly used ex-
3839 chosen in this study avoid puta-
tive undesired influences of various tags on enzyme
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S(FIp)+S(Cre)+S(Topl)

Flp+Cre
extracts

Figure 5. Multiplexed detection of Flp, Cre, and Topl. A mixture of
S(Flp), S(Cre), and S(Topl) was incubated with nuclear extracts from
HEK293T cells transfected with both the Flpe and the Cre expression

vectors prior to RCA and hybridization to FITC-labeled p(Flp),
rhodamine-labeled p(Cre), and Cy5-labeled p(Topl).

activity but leave no possibilities of detecting the en-
zymes at the protein level since antibodies against the
native recombinases are not available.

To investigate the possibility of detecting all three
enzyme activities in a single sample, extract from cells
transfected with both the Flpe and Cre expression plas-
mids was incubated with a collection of all three sub-
strates S(FIp), S(Cre), and S(Topl) prior to RCA and hy-
bridization to FITC-labeled p(Flp) giving rise to green
fluorescence, rhodamine-labeled p(Cre) giving rise to
red fluorescence, and Cy5-labeled p(Topl) giving rise to
blue fluorescence. As evident from Figure 5, this combi-
nation resulted in the occurrence of green, red, and
blue spots readily detectable by microscopic analysis
and clearly demonstrating the possibilities of detect-
ing all three enzyme activities in one multiplexed analy-
sis. Likewise, multiplexed detection of only Flp and Cre
activities, which may be directly applicable for scientific
and clinical purposes, was easily achieved in a reminis-
cent setup simply by omitting S(Topl) from the reaction
mixtures (data not shown).

Taken together the presented results demon-
strate the feasibility of the substrates S(Flp), S(Cre),
and S(Topl), to allow for the specific monitoring of
three related enzyme activities, Flp, Cre, and Topl at
the single cleavage—ligation event level in purified
enzyme fractions as well as in crude extracts from
human cells using the RCA-based assay setup. This
in turn allowed for the multiplexed detection of two
or all three of the enzyme activities in a single analy-
sis simply by using two or three of the specific sub-
strates in combination with detection probes with
different color labeling. The multiplexed detection
of Flp, Cre, and Topl serves as a proof-of-principle for

Www.acsnano.org

the simultaneous detection of three differ-
ent enzyme activities in a single sample, but
may be of limited practical use. More appli-
cable may be the simultaneous detection
of Flp and Cre activities, since these en-
zymes are often used in combination to
control gene expression in mammalian cells
or animal models.*®*! Hence, the described
RCA-based assay may be of immediate
practical use for instance in animal-model
developmental studies or mammalian cell
studies (where Flp and Cre are used to con-
trol gene expression and/or gene integra-
tion) providing a simple and quick mean of
detecting recombinase activity in crude cell
samples as a positive control. Also, the solo
detection of Flp or Cre in crude biological
samples using the simple microscopic visu-
alization technique might be useful for de-
tecting recombinase activity in systems
where a single recombinase is used to con-
trol gene expression/integration.?>-2642 The
specific detection of Topl activity in human
cell extracts may be of substantial cancer prognos-
tic value, as Topl is the sole target for several anti-
cancer therapeutics.*

The single-molecule detection of RCPs allowing the
visualization of single Flp, Cre, or Topl cleavage—
ligation events opens up for the potentially very sensi-
tive measurement of enzyme activity, in principle down
to the single cell or even the single enzyme level. A simi-
lar sensitivity may be obtained using a PCR-based read-
out format. However, the thermal cycling principle of
PCR would compromise detection of individual
cleavage—ligation events and likely the accuracy of
the assay, owing to the exponential accumulation of in-
accuracies inherent to PCR.

We believe that the presented RCA-based single-
molecule detection assay presents unique advantages
for both basic and applied science allowing subtle varia-
tions between individual enzymes or extracts from indi-
vidual cells in a large population to be recognized. In
line with these considerations we previously demon-
strated a 10— 100-fold increased sensitivity of the Topl-
specific RCA-based detection assay compared to stan-
dard bulk Topl activity assays,? and we are currently
developing means of increasing the sensitivity of our
RCA-based enzyme detection even further. However,
quantitative enzyme detection, which was presented
previously,? was out of the scope of the present study
where focus was on the development of new RCA-
based assays allowing the specific and multiplexed de-
tection of three related enzyme activities. The success-
ful multiplexed enzyme detection presented here,
holds promise for the possibilities of developing even
more extended setups allowing the simultaneous de-
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tection of enzyme collections relevant for different in-
dustrial or clinical applications.

CONCLUSION

The RCA-based single-molecule detection system
presented here enabled the specific and multiplexed
detection of Flp, Cre, and Topl activities present in
crude extracts from human cells at the single
cleavage—ligation event level. This was achieved by
converting each cleavage—ligation reaction medi-
ated by either one of the enzymes on its specific sub-
strate partner to a RCP that could be specifically vi-
sualized at the single-molecule level by
hybridization to fluorescently labeled probes. To dis-
tinguish the activities of the three enzymes differ-
ently labeled probes were designed to match the se-

METHODS

Reagents and Enzymes. Phi29 DNA polymerase was from MBI
Fermentas. All oligonucleotides were purchased from DNA Tech-
nology A/S, Aarhus, Denmark. CodeLink Activated Slides were
from SurModics, and Vectashield was from Vector Laborato-
ries. BL21(DE3) pLysS bacterial strain was from Promega;
Streptavidin-coupled magnetic beads were from Dynal.

Yeast Strains and Topl, Flp, Flpe, and Cre Expression Plasmids. The yeast
Saccharomyces cerevisiae Top1 null strain RS190 was a kind gift
from R. Sternglanz (State University of New York, Stony Brook,
NY). Plasmid pHT143, for expression of recombinant full-length
Topl in yeast was described previously.?® The plasmid
PET11a(Flp) for expression of recombinant Flp in BL21(DE3)
pLysS was a kind gift from M. Jayaram (University of Texas at Aus-
tin, TX). Plasmids pCAGGA FLPe and pPGK Cre pA for expres-
sion of Flpe and Cre in human cells were kindly provided by Fran-
cis Stewart (Technische Universitaet Dresden, Dresden,
Germany) and Klaus Rajewsky (Division of Pathology, Depart-
ment of Medicine, Harvard Medical School, Boston, Massachu-
setts, USA), respectively.

Enzyme and Cell Extract Preparations. The plasmid pHT143 was
transformed into the yeast S. cerevisiae strain RS$190. The pro-
tein was expressed, and purified enzyme was prepared as de-
scribed previously.?®#® Purification of recombinant Flp was de-
scribed previously.* Purified recombinant Cre was a kind gift
from M. Jayaram (University of Texas at Austin, TX). The protein
concentrations were estimated from Coomassie blue-stained
SDS—polyacrylamide gels by comparison to serial dilutions of
BSA.

Human embryonic kidney HEK293T cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 units/mL penicillin and
100 mg/mL streptomycin. Cells were incubated in a humidified
incubator (5% CO,/95% air atmosphere at 37 °C).

Transient transfections of plasmids into HEK293T cells were
obtained using lipofectamine2000 (Invitrogen) and 0.5 mM DNA
and were carried out in the presence of FBS according to the
manufacturer’s instructions. Transfection efficiencies as mea-
sured by the expression of a green fluorescent protein (GFP) con-
trol construct were >80%. Functional assays were conducted
24 h after transfection, and cells were harvested with a cell
scraper. Media was discarded and the cell lysed in 1 mL of Lysis
buffer (0.1% NP-40, 10 mM Tris, pH 7.9, 10 mM MgCl, 15 mM
NaCl, 0.1 mM phenylmethyl sulfonyl fluoride®). After cell lysis
the nuclei were extracted in 80 pL of 0.5 M NaCl, 20 mM HEPES,
pH 7.9, 20% glycerol, 0.1 mM phenylmethyl sulfonyl fluoride.*®
The amount of cells used for extract preparation was estimated
to ~4 X 10* cells/mL (extract) by cell counting prior to
harvesting.

quences of RCPs resulting from Flp, Cre, and Topl
reactions, respectively.

The simultaneous detection of Flp, Cre, and Topl in
a single sample serves as a proof-of-principle, showing
the possibilities of multiplexed detection of at least
three enzyme activities at the single molecule level us-
ing the RCA-based setup. The multiplexed detection of
Flp and Cre may be of more immediate practical use,
since these enzymes are often employed in combina-
tion to control gene expression in mammalian cells or
animal models. Moreover, besides its potential for ba-
sic scientific investigations the presented method holds
great promise for clinical applications, as Topl is the pri-
mary target for already routinely used anticancer thera-
peutics, while Flp and Cre are anticipated key-players in
future gene-therapeutic protocols.

Synthetic DNA Substrates, Probes, and Primers. Oligonucleotides for
construction of the S(Topl), S(Flp), S(Cre), the utilized detection
probes (p(Topl), p(Flp), and p(Cre)) and RCA-primers were syn-
thesized by DNA Technology on a model 394 DNA synthesizer
from Applied Biosystems. The sequences of the oligonucleotides
are as follows: S(Topl), 5'-AGAAAAATTT TTAAAAAAAC TGTGAA-
GATC GCTTATTTTT TTAAAAATTT TTCTAAGTCT TTTAGATCCC
TCAATGCTGC TGCTGTACTA CGATCTAAAA GACTTAGA-AMINE-
3'; S(Flp), 5'-TCTAGAAAGT ATAGGAACTT CGAACGACTC AGAAT-
GAGGC TCAATCTAAT GGACCCTCAA TGCACATGTT TGGCTC-
CCAT TCTGAGTCGT TCGAAGTTCC TATACTTT-3'; S(Cre), 5'-
CATACATTAT ACGAAGTTAT GAGCGTCTGA GTATGGCTCA CCAG-
GACTCT ATGCAGTGAA TGCGAGTCCT TCTACTCATA CTCA-
GACGCTCATAACTTCGTATAATGT-3'; RCA-primers, matching
S(Topl), 5’-AMINE-CCAACCAACC AACCAAATAA GCGATCTTCA
CAGT-3’; matching S(Flp), 5'-AMINE-CCAACCAACC AAC-
CAAGTCC ATTAGATTGA GCCT-3’; matching S(Cre), 5'-AMINE-
CCAACCAACC AACCAACATA GAGTCCTGGT GAGC-3’; detection
probes, p(Topl), 5'-“F"-GTAGTACAGC AGCAGCATTG AGG-3';
p(Flp), 5'-“F"-GGAGCCAAAC ATGTGCATTG AGG-3’; p(Cre), 5'-
“F"- AGACGGACTC GCATTCACTG-3'. “F” indicates fluorescent la-
beling, which was Cy5, rhodamine, or FITC as stated in the text.

For preparation of the biotinylated suicide substrate we
used OL19-biotin, 5'-biotin-GCCTGCAGGT CGACTCTAGA
GGATCTAAAA GACTTAGA, and OL27-amine, 5’-AMINE-
AAAAATTTTT CTAAGTCTTT TAGATCCTCT AGAGTCGACC TG-
CAGGC. For assembly of the substrate by hybridization, 5 nmol
of each of the oligonucleotides were mixed in 10 mM Tris-HCI,
pH 7.5, 1 mM EDTA, heated to 85 °C, and cooled slowly to room
temperature. All oligonucleotides used for substrate assembly
were gel-purified as described previously.*’48

RCA-Based Topl, Flp, or Cre Detection. The 5'-amine-coupled primer
was linked to CodeLink Activated Slides according to the manu-
facturer’s description. The Topl, Flp, and Cre reactions were car-
ried out in a 10 L reaction volume containing a divalent cation
depletion buffer (5 mM Tris-HCl, pH 7.5 2 mM EDTA, 8 mM NadCl,
0.6% beta-mercaptoethanol, 10% PEG6000) supplemented with
100 nM of substrate(s) at stated in the text. Reactions were initi-
ated by the addition of 10 fmol of one or more of the purified en-
zymes Topl, Flp, or Cre or of HEK293T nuclear extracts as stated
in the text. Incubation was carried out for 30 min at 37 °C before
heat inactivating the enzyme(s) for 5 min at 95 °C. Subsequently,
hybridization to the covalently coupled primer was performed
for 60 min at room temperature (22—25 °C) Slides were washed
for 2 min at room temperature in wash buffer 1 (0.1 M Tris-HCl,
150 mM NaCl, and 0.3% SDS) and for another 2 min at room tem-
perature in wash buffer 2 (0.1 M Tris-HCl, 150 mM NacCl, and
0.05% Tween-20). Finally, the slides were dehydrated in 99.9%
ethanol for 1 min and air-dried. Rolling circle DNA synthesis was
performed for 45 min at 37 °C in 1X Phi29 buffer supplemented

A

4052 | ACNJANO

VOL.3 = NO. 12 = ANDERSEN ET AL. www.acsnano.org



with 0.2 g/l BSA, 250 wM dNTP, and Tug/p.L Phi29 DNA poly-
merase. The reaction was stopped by washing in wash buffers 1
and 2. The RCPs were detected by hybridization to 0.2 uM of
each of the detection probes ID16, IDS3, or ID33 in a buffer con-
taining 20% formamide, 2X SSC, and 5% glycerol for 30 min at
37 °C. The slides were washed in wash buffers 1 and 2, dehy-
drated, mounted with Vectashield and visualized as described
previously.*

Depletion of Endogenous Topl from HEK293T Cell Extracts. Topl was de-
pleted from nuclear extracts by incubating the extract from 1 X
107 HEK293T cells with 5 nmol of the biotinylated suicide sub-
strate in a total volume of 70 pL containing 0.5 M NaCl, 20 mM
HEPES, pH 7.9, and 20% glycerol for 30 min at room temperature
(22—25 °C). Subsequently, cleavage complexes were removed
by adding 20 p.L of streptavidine-coupled magnetic beads essen-
tially as described by the manufacturer. As a control, a mock
depletion was carried out as described above except that sui-
cide substrate was omitted from the reaction mixture. Deple-
tion was tested by Western blotting essentially as described pre-
viously.>
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