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Abstract

A new single molecule system — Transchip — was developed for analysis of transcription products at
their genomic origins. The bacteriophage T7 RNA polymerase and its promoters were used in a
model system, and resultant RNAs were imaged and detected at their positions along single template
DNA molecules. This system, Transchip, has drawn from critical aspects of Optical Mapping, a
single molecule system that enables the construction of high resolution, ordered restriction maps of
whole genomes from single DNA molecules. Through statistical analysis of hundreds of single
molecule template/transcript complexes, Transchip enables analysis of the locations and strength of
promoters, the direction and processivity of transcription reactions and termination of transcription.
These novel results suggest that the new system may serve as a high-throughput platform to
investigate transcriptional events on a large, genome-wide scale.

Keywords

Single molecule; transcription; elongation complex; T7 RNA polymerase; promoter mapping;
automated fluorescence microscopy

Introductory Statement

This study aims to develop an integrated system for transcriptional analysis of single template
DNAs, with the ultimate goal being analysis of transcriptional regulation for genes on a whole
genome basis. Large template DNA molecules can be queried to probe for regulatory elements
and for transcriptional events. The Transchip system described in this manuscript aims to
produce large and meaningful datasets for transcriptional analysis, all based around single
molecule measurements. Experiments based on single molecules are direct and rapid, and can
generate a read-out of thousands of data points in a short time period.

The development of single molecule approaches to biochemical analysis has enabled a broad
range of techniques that visualize the details of and that elegantly probe individual steps
involved in transcription [1-6]. These elegant biochemical studies performed on single
molecules have brought numerous insights into the mechanisms of transcription, but they do
not lend themselves to high throughout transcriptional analysis. Visualization and mapping of
RNAs transcribed from single template molecules has long been possible by electron
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microscopy (for ex. [7-9]) but is also not amenable for high-throughput, single molecule
analysis of transcription products. Analysis of gene expression on a genome-wide basis has
revealed the “transcriptome” of organisms [10-17], with some approaches amenable to high-
throughput analysis.

The ability to directly detect nascent RNAs at their site of synthesis along single template
DNAs would allow genome-wide analysis of transcriptional events. Transchip is a new single
molecule system designed with the goal of making single molecules practical substrates for
experimental studies — enabling ensemble averages from a large number of parallel
measurements and allowing a significantly more effective approach for single molecule
studies. This system exploits integrated analysis of single DNA molecules stretched on
modified glass surfaces with imaging of RNAs associated with the templates. Single molecule
genome mapping approaches (Optical Mapping) have enabled the high-throughput generation
and analysis of large molecular datasets and produced an array of tools amenable to a broad
range of molecular studies [18-27]; these approaches were exploited for analysis of
transcriptional events on single template molecules.

Transchip directly tracks in vitro transcriptional products (elongation complexes) on individual
template DNA molecules by automated fluorescence microscopy. Detailed molecular data are
extracted from images and provide large datasets for statistical analysis and biochemical
modeling. The principal test system is based on the actions and sequences associated with T7
RNA polymerase (RNAP), which is the best characterized member of a family of RNAPs that
includes most of the bacteriophage-encoded RNAPs as well as the mitochondrial RNAPs
[28-31]. Previous experiments indicated that T7 RNA polymerase can actively incorporate
fluorochrome labeled ribonucleoside triphosphates into nascent transcripts [32], most readily
with rhodamine dyes (Rhodamine Green, Tetramethylrhodamine).

Templates were designed that carried a combination of T7 RNA polymerase promoters and
terminator and that could be directly imaged following mounting and elongation on modified
glass surfaces. We investigate whether RNAs could be imaged associated with their respective
single template DNAs using fluorescence microscopy; whether their positions and that of their
promoters could be mapped and whether the direction and extent of transcription could be
determined. Additional experiments assessed the RNase and protease sensitivity of observed
putative elongation complexes (ECs), as well as the ability of Transchip to detect ECs from
single round transcription reactions. Furthermore, experiments varying time or adding chain
terminators to transcription reactions were performed to control and modulate the positions of
ECs. The results demonstrate that transcription data obtained from ensembles of single
template DNA molecules, and collected with an automated image acquisition system, can
locate single or multiple promoters, the extent and direction of transcription, and the relative
strength of promoters in this model system.

Material and Methods

Template DNA Construction and Preparation

Multiple template DNAs were used in these studies, including a cosmid and a plasmid template
DNA, bearing one promoter for T7 RNA polymerase; several plasmid DNAs with multiple
promoters varying in strength and orientation, and T7 genomic DNA. The cosmid
LANL-16¢_380H5 (44,675 bp; accession number AC004233; with human chromosome 16
sequences and a synthetic T7 promoter [TAATACGACTCACTATAGGGCGA]) was
obtained from Los Alamos National Laboratory. This template DNA was linearized with Sal
I, extracted twice with a 1:1 mixture of phenol and chloroform/isoamyl alcohol (24:1, v/v),
and ethanol precipitated. Template DNA concentrations were determined by UV spectrometry.

Anal Biochem. Author manuscript; available in PMC 2007 August 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu and Schwartz

Reagents

Page 3

Multiple plasmids were engineered to contain different combinations of T7 RNA polymerase
promoters and terminator to assay whether promoter locations, orientation and strengths could
be distinguished (see Fig. 1).To construct 1SP_PE (25.231 kb; with one synthetic T7 promoter
[SP]), a 22.010 kb Bgl 11 fragment was isolated from lambda DNA and inserted into BamH 1
cleaved parental vector, pPGEM-11Zf (-) (Promega, Madison WI). 1SP_PE was modified to
construct 1SP_Te (25.828 kb), with a promoter (SP) and a terminator. A T7 terminator region
located between positions 24099 and 24691 of the T7 genome [33] was amplified with the
primers To_forward, GGA AGA TCT CAC CCG CGC TGC TAA CAA AG, and To_reverse,
CGC GGA TCC GGT GCC CCA AAG AAT C, digested with Bgl 1l and BamH 1, and ligated
into 1SP_PE that had been partially cleaved with Bam H I. Plasmids bearing the terminator
fragment ~5.1 kb downstream of the T7 promoter in the correct orientation were selected.

Construction of 1S1C_ Te—This template was designed to contain two T7 promoters of
similar strength. A region of T7 genomic DNA from 26976 to 28355 including the consensus
T7 promoter ¢13 (CP: TAA TAC GAC TCA CTA TAG GGA GA) was amplified with the
primers CP_forward, GG A AG ATC TAG ACT CTG GTACGT TTGACATTT and
CP_reverse, CG CGG AT CCG CTT GAA GGG CAG AT, and cloned into pCR2.1-TOPO™
(Invitrogen). The ~1.4 kb Bgl 11/BamH | fragment was isolated from the resultant plasmid, and
ligated with the 8.985 kb BamH | fragment from 1SP_T¢ to form pSP- Te_CP. The 16.84 kb
BamH | fragment from 1SP_PE was isolated and inserted into the BamH | site of pSP- T -
CP to form 1S1C_ T (27.212 kb), with one synthetic T7 promoter (SP), one consensus T7
promoter (CP) and a T7 terminator, Te.

Construction of 1S1W+_Te¢ and 1S1W-_Te@—These templates were designed to contain
two T7 promoters, one strong (SP) and the second a weak T7 promoter (WP). 1S1W-_T¢
contains WP in the opposite orientation and ~23 kb distant from SP. A region of the T7 genome
from 12242 to 12973 that contains a class Il T7 promoter ¢p4c (WP:
CAATCCGACTCACTAAAGAGAGA [position 12654-12676]) was amplified with the
primers WP_forward, GG AAG ATC TAG A TAA GGT ACG AGT GGC AGT T and
WP_reverse, CGC GGA TCC TCT GGG TTC TTA AGG TGA CAA AT. The cloning
procedure was analogous to that for 1S1C_Te. The two resultant plasmids, 1SIW+_T¢ and
1S1W-_To, have different orientations and positions of the WP promoter (see Fig. 1; both are
26.489 kb). All plasmid DNAs were transformed into ElectroMax® DH 10B™ competent cells
(GIBCO BRL®) by electroporation using a Bio-Rad Gene Pulser unit and purified with a
QIAGEN-tip 100 (Qiagen, Inc., Valencia CA) following the manufacturer’s protocols. They
were linearized with Hind 111, extracted with phenol/chloroform and ethanol precipitated. The
T7 RNA promoter SP is 3.136 kb from one end following linearization of templates with Hind
.

Bacteriophage T7 genomic DNA was prepared by phage lysis with proteinase K digestion (50
g/ml, Sigma-Aldrich, St. Louis MO) in 1x digestion buffer (10 mM Tris-HCI, 5 mM EDTA
and 0.5% SDS, pH 7.8) at 55°C for 2 hrs. The lysate was extracted twice with a 1:1 mixture
of phenol and chloroform/isoamyl alcohol (24:1, v/v) and ethanol precipitated.

Fluorescein-12-UTP, Rhodamine Green-5-UTP, Tetramethylrhodamine (TMR)-6-UTP,
Texas Red-5-UTP and BODIPY TMR-14-UTP were obtained from Molecular Probes (Eugene
OR); NTPs from Roche Applied Science (Indianapolis, IN), and heparin (sodium salt) from
Gibco-BRL (Gaithersburg, MD). Buffers and solutions were prepared RNase-free by standard
methods and were filtered through Millex-GV filters (0.22 m pore size, Millipore Corp.,
Billerica MA).

Anal Biochem. Author manuscript; available in PMC 2007 August 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu and Schwartz Page 4

Surface Treatments

Two types of modified glass surfaces were used in this study for mounting, elongating and
imaging DNA template/elongation complexes - APDEMS and trimethy! silane [19-21,34].
The trimethyl silane surfaces proved more stable than the APDEMS surfaces and thus were
used for most of the experiments; both had similar characteristics for DNA stretching and
imaging. APDEMS surfaces (used for the experiment of Fig. 2 and 3) were prepared as follows.
Glass cover slips (22 x 22 mm; Fisher’s Finest) were racked and cleaned by boiling in
concentrated nitric acid (HNO3) for 12 h. They were rinsed extensively with high-purity,
deionized water. The cleaning was repeated with concentrated hydrochloric acid (HCI). The
cover slips were rinsed extensively with high-purity water. A stock solution (2% by weight)
of 3-aminopropyldiethoxymethylsilane (APDEMS; Gelest Inc., Morrisville PA), distilled
under argon, was prepared by dissolving APDEMS in deionized water and allowing it to
hydrolyze on a shaker for 7.5 h. Then 45 to 60 L of the hydrolyzed APDEMS was added to
250 ml ethanol with 30 racked, cleaned cover slips. The cover slips could be used for up to
two weeks.

To prepare trimethyl surfaces, glass cover slips were racked, cleaned by boiling in Nanostrip
(Cyantek Corp., Fremont CA) for 50 min at 68°C, and rinsed with high purity, deionized water
5 times. The cover slips were then hydrolyzed in boiling concentrated hydrochloric acid at 98°
C for 6 h, rinsed extensively with high purity water, and were individually rinsed three times
in absolute ethanol and stored in absolute ethanol. Thirty acid hydrolyzed surfaces were placed
in a flat Teflon block holder and treated in 250 ml silane solution (70 to 80 | of trimethyl silane
[N-trimethylsilyl-propyl-N,N,N-trimethylammonium chloride; Gelest Corp.] and 10 | of vinyl
silane [vinyltrimethoxysilane, Gelest Corp.] in 250 ml high purity water). These were incubated
at 65°C with gentle shaking (50 rpm) for 17.5 h, and cooled to room temperature in a fume
hood for 1 h. The solution was aspirated, and the surfaces were rinsed three times with high
purity water, once with distilled absolute ethanol, and stored in distilled absolute ethanol.

In Vitro Transcription Assays

Transcription reactions (20 I) were in transcription buffer (40 mM Hepes-HCI, 6 mM MgCl,,
10 mM DTT, pH 7.9 at 25 °C), 0.5 mM each in ATP, CTP, GTP and UTP, and included 10
units RNase inhibitor (20 units/I, SUPERase-In"", Ambion, Austin TX). Varying amounts of
T7 RNA polymerase (from 5 units to 50 units [N.E. Biolabs, Ipswich MA]) and linearized
DNA template were present, as noted. For the fluorochrome labeling experiments (Fig. 2), the
NTPs were 0.5 mM in each for ATP, GTP, and CTP, and 0.05 mM in UTP (total UTP/
fluorochrome labeled UTP [e.g. tetramethylrhodamine (TMR)-6-UTP] = 10:1). (TMR-6-UTP
had been chosen as the optimal fluorochrome-labeled NTP overall among the five tested -
Fluorescein-12-UTP, Rhodamine Green-5-UTP, TMR-6-UTP, Texas Red-5-UTP and
BODIPY TMR-14-UTP.) Reactions were preincubated for 10 min at 37°C, initiated by the
addition of NTPs, incubated at 37°C for 15 min., and stopped. Prior to mounting a 1:100 dilution
of transcription reaction products on the surface, unincorporated NTPs were removed using a
CentriSpin10 column (Princeton Separations, Adelphia NJ) to reduce the background caused
by the random binding of free TMR-6-UTP to the surface. For single-round transcription
reactions, samples were preincubated 37 °C 10 min with all components except UTP. Heparin
was added to 100 g/mL, and reactions incubated 2 min. before the addition of UTP. Samples
were processed as above.

Capture of Elongation Complexes and Fixation

In order to modulate, or control, the distribution of position and size of elongation complexes,
3'dNTP (3'-deoxynucleotide) was included in transcription reactions. We first assessed
whether transcriptional elongation could be selectively stopped and captured by including
different ratios of 3'dNTP to NTP in transcription reactions: 1:500, 1:1000, 1:2000, 1:2500,
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and 1:5000. Complexes were cross-linked with 1% HCHO at 4°C for 30 min to stabilize them
and diluted 100 fold prior to on-surface mounting.

DNA Mounting, Overlay, Digestion, and Staining

The mounting of template DNAs with associated elongation complexes on modified glass
surfaces is a key step prior to their visualization. A cover layer of acrylamide helps maintain
the molecules in place (used with trimethyl silane surfaces), and template DNAs can be digested
with restriction enzyme prior to staining with fluorescent dye. In brief, DNA molecules bearing
elongation complexes were mounted on derivatized glass surfaces (Optical Mapping [OM]
surfaces; APDEMS, Fig. 2 and 3; trimethyl, Figs. 4-8) by capillary action as described by Lim
et al. [22]. For trimethyl surfaces (Figs. 4-8), a thin layer of acrylamide (3.3%) was applied to
the surface, and, upon curing, was washed with 200 | HE (10 mM Hepes and 1 mM EDTA)
for 2 min. For restriction digestion, 200 | of digestion buffer (50 mM NaCl, 10 mM Hepes, 10
mM MgCly, 1 mMDTT, pH 7.9 at 25°C), and 60 units BamH | or Xba I [New England Biolabs])
were added to the surface, which was incubated in a humidified chamber at 37°C for 30 to 60
min. The surface was washed twice with 200 | HE and mounted onto a glass slide with 18 | of
0.2 M YOYO-1 solution (containing 5 parts of YOYO-1 [Molecular Probes] and 95 parts of
B-mercaptoethanol in 20% [v/v] TE). The sample was sealed with nail polish and incubated at
room temperature in the dark for 20 min or overnight before imaging.

RNase and Proteinase Digestion of Surface-Mounted Reaction Products

Punctates that represent putative transcription elongation complexes should be sensitive to
RNase as well as protease digestion. Two RNases were tested: RNase I, which cleaves single-
stranded RNA to yield nucleoside 3'-monophosphates, and RNase H, which specifically
degrades the RNA in an RNA:DNA hybrid. DNA templates bearing elongation complexes
were mounted on the OM surface as described. The stretched DNAs were then incubated in
RNase specific buffer for 2 min with, respectively, 10 units RNase | or 10 units RNase H
(Epicentre Biotechnologies, Madison WI). For digestion with proteinase K, 200 L 1x digestion
buffer (10 mM Tris-HCI, 5 mM EDTA and 0.5% SDS, pH 7.8 at 25°C) containing 50 g/ml
proteinase K was loaded on the surface bearing elongated DNA templates with associated
elongation complexes, and the surface was incubated at 37°C for 30 min.

Analysis of YOYO-1 Stained RNAs of Different Sizes on Optical Mapping Surfaces

We analyzed fluorescence measurements of YOY O-1 stained RNAS to determine whether they
might be detected within ECs associated with single template DNAs. The emission spectrum
of YOYO-1 stained RNAs was measured and compared to that of DNA, to analyze its
fluorescence intensity and wavelength dependence. A standard RNA mixture (1 kb RNA
ladder, N.E. Biolabs) was diluted to 10 g/ml in 0.5 M YOYO-1 solution, and its emission
spectrum measured (the excitation wavelength was 491 nm; fluorescence spectrophotometer
is a Hitachi F-4500). The spectrum was compared with the fluorescence spectrum of the DNA
sample of the same mass and concentration in 0.5 M YOYO-1 solution. In addition, the
fluorescence intensity of individual YOYO-1 stained, surface-mounted RNAs was measured
to determine dependence of intensity on the size of RNAs. RNAs of 1 kb, 3 kb, 5 kb, 7 kb and
9 kb were gel purified (from the 1 kb RNA ladder), extracted with phenol and chloroform, and
ethanol precipitated. These RNAs were diluted to ~ 50 pg/ml, mounted on OM surfaces and
stained with 5 L of 0.2 M fluorescence dye YOYO-1 solution. The stained molecules were
illuminated by the same power of light source (~ 1 mW) and imaged for the same time period
(55). About 200 individual molecules were analyzed for each size of RNA sample for integrated
fluorescence intensity.
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Image Acquisition and Processing

DNA samples were imaged by fluorescence microscopy as described previously [22] using a
100 x objective (N.A. 1.3, Plan-Neofluar, Zeiss) and a high-resolution digital camera with
Kodak KAF-1400 chip (1317 x 1035 pixels, 6.8x6.8 m? pixel size, PentaMAX [Princeton
Scientific Instruments, Monmouth Junction NJJ]). For experiments containing fluorochrome
labeled RNAs, images registered at the same position as DNA images were collected using
different filter packs (XF 102 for Tetramethylrhodamine, XF 108 for Texas Red and BODIPY
TMR, and XF 115 for YOYO-1, Fluorescein and Rhodamine Green). Each pair of images was
then superimposed by a program written in MATLAB™ to find the correlation between the
labeled RNA and DNA molecules.

Image Analysis of Elongation Complexes and Template Molecules

To detect ECs on the YOYO-1 stained DNA backbone, a fluorescence intensity profile was
automatically constructed using the software, Pathfinder, for each molecule [27,35-38]. In
brief, a group of images was first filtered to separate the image foreground (data) from the
background, and connected pixels above the threshold point were saved as objects. Pixels in
each object were evaluated one by one to find the pixel with maximum intensity (Gaussian
blob peaks) along the linear object. Finally, these pixels were chained together to form line
segments, which are the backbone of individual DNA molecules or fragments. The intensity
variation along DNA molecules or fragments can be presented as a plot to show the intensity
variation on a DNA backbone, and the potential ECs were detected as bright punctates based
on the fluorescent profile. Here, bright punctates were identified when

' max> /average+ 3 % SD @

where Imay is the maximum intensity of pixel in the punctates, layerage is the average pixel
intensity of the DNA backbone excluding some dilated pixels with the intensity value two
times as high as those of neighboring pixels, and SD is the standard deviation of pixel intensities
defined by a mask that covers the DNA backbone and calculated on a per molecule basis. Marks
were then manually assigned to these potential ECs using the image editing software, Omari
[38]. The program produced contour length in pixels for each fragment (L;) and elongation
complex (Lgcs) as well as integrated fluorescence intensity for each fragment (l;) and ECs
(Iecs)- Two important parameters were measured: the integrated fluorescence intensity of RNA
in each EC (Igna) and the fractional elongation of each molecule (FE %). Irya Was calculated
by subtracting the integrated fluorescence intensity of the DNA backbone from the total
intensity of ECs:

'enA = ecs T L Ecs * 1average @

FE % was calculated by dividing the pixel length of each molecule by the full B-DNA polymer
contour length (Lo):

FE% = L =21, 3)

where L DNA i

onal Lo
where Lpna is the imaged contour length of DNA molecules, and Ly was computed full B-
DNA contour length based on the number of base pairs. Molecules with FE % > 70% were
then chosen to find the positions of ECs since molecules with low FE % could be partially
broken. Here, a simple data process program called Getmap (written in Java) was used to
determine the polarity of the molecule based on the restriction digestion pattern and to compute
the position of ECs. Getmap uses the following function to estimate the positions of ECs:
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Here, Pecy’ refers to the relative position of ECs on the specific restriction fragment i (in kb),
Dec . is the distance from the center of ECs to the left end of the fragment i, and L; and N;
are the length of fragment in pixels and kb respectively. Pgcs is the absolute position of ECs
on a specific molecule (in kb) and S; is the left end position of the fragment i in the molecule
(in kb).

Poisson Curve Fitting

R

Results

2

The distribution of ECs along the DNA templates was fitted to a Poisson:

Xo—H
px) = 2= ®)

where is the average position of all ECs along DNA templates and X is the distance of ECs
from the promoter. The distribution of ECs is binned into 1 kb units; the bin containing a
promoter was set as 0. and X are scaled on the bin. The fitting routine repeatedly searches
different and finds the maximum regression R2, which is defined as

SSE (2 £)?

=1- 22, where SSE =3(0,~ E)2 and SST =(3 09) - —— (6)

SST’ n

where O; and E; are the observed and expected frequency of ECs in the it bin respectively.
This analysis was done using a routine in Microsoft® Excel.

Imaging of Elongation Complexes on Optical Mapping Surfaces

The initial test for determining whether transcription elongation products could be detected on
single template DNAs mounted on derivatized glass surfaces utilized a large template DNA
with a single T7 promoter. Transcription reactions supported by the 45 kb template DNA
(cosmid LANL-16¢_380H5), bearing a single synthetic T7 promoter, were catalyzed in vitro
by T7 RNA polymerase. The fluorescently labeled NTP, TMR-6-UTP, was included to allow
fluorescent imaging of labeled RNA. Transcription products were mounted on Optical
Mapping (OM) surfaces and imaged, as described in Materials and Methods. Distinct punctates
can be observed on surfaces bearing transcription reaction components when imaged with the
filter that detects TMR (XF102; see Fig. 2A). Images from surfaces bearing control reactions
lacking NTPs (Fig. 2B) or lacking T7 RNA polymerase (RNAP; Fig. 2C) did not contain any
statistically abundant punctates. Furthermore, when YOYO-1 is subsequently added to the
same surface to stain the DNA template backbone, the punctates are seen to coincide with the
linear template DNA backbone (Fig. 2D, compare to Fig. 2A; Fig. 2K compare to Fig. 2H). In
contrast, the template molecules from reactions lacking NTPs or RNAP apparent in Fig. 2E
and 2F (the areas of Fig. 2B and 2C, respectively, following YOY O-1 staining) lack punctates.
These results suggest that the punctates are potential elongation complexes containing TMR-6-
UTP labeled RNA.

If the punctates are indeed ECs, they should be sensitive to RNase and protease digestion. The
sensitivity of the punctates to RNase was assessed by digestion of surface-mounted
transcription products with RNase I. This resulted in the virtual disappearance of the bright
punctates (Fig. 2G and J), as expected if the punctates contain TMR-labeled RNA. Digestion
with RNase H left the bright punctates intact (Fig. 2H and K). This could be due to RNAP
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inhibiting the RNase H digestion of the RNA in the RNA/DNA hybrid or release of the RNA
following digestion, or due to TMR-labeled RNA binding the surface. Figs. 2J and 2K
correspond to the same areas as in Fig. 2G and 2H, respectively, following YOYO-1 staining
to visualize the template DNA. These results indicate that the punctates contain RNA which
is accessible to RNase on the derivatized glass surface.

Proteinase K digestion was then performed directly on surface-mounted transcription reactions
to investigate whether digestion of RNA polymerase affected observation of the punctates
along the template DNAs (Fig. 21, 2L). Comparison of Fig. 21 (imaged with the XF102 filter)
with Fig. 2L (the same area imaged following YOYO-1 staining) reveals that punctates are
present but that most are no longer associated with the DNA template after proteinase K
digestion. The sensitivity of the punctates to digestion with RNase | and their disassociation
from template DNA following proteinase K digestion suggest that they are complexes
containing protein (T7 RNA polymerase) and nascent RNA associated with template DNA,
i.e., are elongation complexes (ECs).

The observation that the punctates could be observed following YOYO-1 staining (Fig. 2D,
2K) led us to assess whether the elongation complexes might be visualized using a single
fluorochrome stain (YOYO-1) and identified by their unique morphological signatures - bright,
ball-like structures associated with the template backbone. This would simplify image
collection and processing and involve analysis of just one set of images. Since YOYO-1 is
reported to stain RNA in solution [39,40], we compared the spectrum of YOYO-1 stained RNA
to that of YOYO-1 stained DNA (Fig. 3A). YOYO-1 stained RNA was excited within the
wavelength range of YOYO-1 bound to DNA (Fig. 3A), with the magnitude being about one-
third of the excitation of YOYO-1 bound to DNA of the same mass.

Further measurements were conducted — in this case of individual, surface-mounted RNAs 1k,
3k, 5k, 7k and 9k bases in length —to investigate the fluorescence intensities of YOY O-1 stained
RNAs and their contribution to the overall fluorescence intensity of imaged reaction products.
The RNAs were surface-mounted, stained with YOYO-1, and imaged. The fluorescence
intensities of approximately 100 to 200 single RNA molecules of each size were used to
determine the average fluorescence intensity (Fig. 3B). The intensity was proportional to the
size of the RNAs, although the variation is about 50% of the average intensity, much higher
than for DNA molecules of the same size. This could be due to a variety of secondary structures
that affect YOYO-1 staining of RNA and result in a range of intensities.

Imaging of Surface-Mounted Reactions with Templates Bearing One or Multiple T7

Promoters

The number of punctates corresponding to ECs along a template should increase with an
increase in promoters. Thus, template DNAs were chosen that contained one, two or multiple
T7 RNA promoters. Since we determined that the YOYO-1 stained RNAs were readily
observable on OM surfaces (Fig. 3B), we next tested whether potential elongation complexes
synthesized with unlabeled NTPs, mounted on OM surfaces and stained with YOYO-1 could
be observed associated with template molecules. Reactions supported by the cosmid
LANL-16c_380H5, with one promoter, revealed single DNA template molecules with one
brightly fluorescent punctate (as seen in Fig. 4A). The template 1S1C_Te, which has two T7
RNA polymerase promoters, had two punctates associated with the template (as seen in Fig.
4B), while multiple punctates were apparent on T7 genomic DNA (Fig. 4C). Most of the images
of template/transcription products supported by the cosmid LANL-16¢_380H5 contained one
punctate, and by 1S1C_Te one or two, and punctates were sensitive to RNase (as in Fig. 2G;
data not shown). These results confirm that the punctates can be imaged following staining
with YOYO-1 on the surface, that they contain RNA (and are ECs), and that the number
observed increases with an increase in promoters in a template.
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Evaluation of the Limitation of Detection of Surface-Mounted, YOYO-1 Stained ECs

It was critical to determine whether ECs could be called with confidence against noise that
arose from variation in the density of DNA coil segments on the template DNA backbone,
since ECs were characterized in terms of morphological and fluorescence signatures sharing
a common fluorochrome stain (YOYO-1) with the template DNA. A signature for ECs was
required that could be quantitatively defined, be incorporated into machine vision routines, and
that would robustly operate over a large number of molecules. This would enable automatic
generation of transcriptional data files. Differential labeling and two color imaging would
obviate this issue, but might also perturb the transcription reactions in unpredictable ways.

Fluorescence intensity profiles of ~60 YOYO-1 stained cosmid template molecules were
analyzed, as seen in Fig. 5 (and described in Materials and Methods). The template in Fig. 5A
was transcribed with 5 units of T7 RNAP (“T5”) under multi-round conditions, while the
template in Fig. 5B bearing a punctate was transcribed at a low concentration of RNAP (1 unit,
“T1”) under single round transcription conditions (Fig. 5B). The control was not transcribed
(Fig. 5C). The peaks in the profiles of Fig. 5A and 5B correspond to the bright punctates (ECs)
seen in the corresponding images associated with template DNAs.

A quantitative analysis of these profiles was performed by smoothing the individual pixel
fluorescence intensity (I;) of the DNA backbone using a Gaussian filter and scaling the
individual pixel intensity of the DNA backbone through subtracting the average pixel intensity
of the backbone (lj — laverage)- The noise associated with this profile was defined by computing
the standard deviation of fluorescence intensity over the entire length of a molecule that
stemmed from the variation of DNA segmental density. The fluorescence intensity of every
pixel in the profile was then divided by noise to determine S/N, from which we identified loci
of maximum S/N. For Fig. 5A and 5B, these corresponded positions of punctuates (ECs).

The bar graph (Fig. 5D) shows the S/N variations of the peak punctates along the template
DNA from reactions with 5 units RNAP (T5), 1 unit of RNAP (T1; conducted under single
round conditions) and with no enzyme (Control 1). For T5, the S/N ratio of the EC is
approximately 12, while for T1, the average S/N of the most intense pixel in the DNA backbone
was about 4, nearly twice as high as the most intense peak on a DNA backbone lacking ECs
(S/N ~2; Control 1). Thus, a punctate corresponding to an EC from even a single round
transcription reaction was distinguishable from a “peak” due to uneven stretching of template
DNAs.

Assessment of the Direction of Transcription and Movement of Elongation Complexes

The experiment of Fig. 6 was designed to assess if the movement of ECs could be controlled
and elongation complex movement blocked when reactions were conducted in the presence of
the chain terminators, 3'dNTPs. T7 RNA polymerase does not differentiate 3'dNTPs from
normal NTPs [41], and incorporated 3'dNTPs would result in chain termination. Four different
ratios of 3'dNTP/NTP mixtures (1:500, 1:1000, 1:2000 and 1:5000) were used in transcription
reactions supported by the cosmid LANL-16¢_380H5. Following transcription and cross-
linking of elongation complexes to template DNA, reactions were mounted on OM surfaces,
digested with Xba I to allow orientation of the template, stained with YOYO-1 and imaged.

The distribution of ECs along the DNA template can be seen in the histograms of Fig. 6. Since
the average distance of ECs from the promoter is seen to increase in reactions with lower 3’
dNTP concentrations, the direction of transcription can be determined. A comparison of the
histograms for reactions conducted at a ratio of 1:500, 1:1000, 1:2000 and 1:5000 of 3' dNTPs:
NTPs (Fig. 6) reveals that the peak position for ECs transcribed with a 1:500 ratio was 1.0 kb
downstream of the promoter, while it was 1.1 kb for 1:1000, 1.95 kb for 1:2000, and 3.5 kb
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for the lowest concentration of 3'dNTP (3'dNTPs: NTPs, 1:5000). The few complexes located
upstream of the promoter may be due to non-specific transcription. The length (Fig. 6B), as
well as the fluorescence intensity (see bar graph, Fig. 6B), of RNA contained in the punctates
was also shown to increase at lower concentrations of 3' dNTP. Thus, template molecules were
oriented and the positions of ECs were mapped on the templates for parallel transcription
reactions (~200 for each histogram).

Comparison of Elongation Complexes Produced by Templates Bearing Different T7 RNA
Promoters and/or a Terminator

We next tested whether multiple promoters on a template could be distinguished in terms of
position, orientation and strength. A template containing a single T7 promoter, 1SP_PE, and
three templates containing two different T7 promoters, 1S1C_Te, 1SIW+_T¢ and 1S1W-
_To, were designed to assess whether Transchip analysis could determine the number of
promoters each had, their orientation and their relative strengths (see Fig. 1).

The templates were transcribed in vitro by T7 RNA polymerase in the presence of two
concentrations of 3'dNTP to NTPs: 1:1000 (Fig. 7) and 1:2500 (data not shown). Following
mounting on OM surfaces, template DNAs were digested with BamH | to orient the templates.
Representative images of digested template DNAs (where digestion sites are seen as gaps) and
associated ECs are shown in Fig. 7A.

By analyzing the distribution of ECs synthesized at the two different concentrations of 3'dNTPs
onthe templates 1SP_PE, 1S1C_Te, 1SIW+_Te, and 1S1W-_Te, the locations of the different
promoters and the direction of transcription were determined. Most of the images of the
template/reaction products from the template with one promoter, 1SP_PE, showed one bright
punctate on the template DNA backbone (Fig. 7), and the average distance of ECs for 1SP_PE
was 1.56 kb from the promoter, which is 3.14 kb from one end. The template 1S1C_Teg is
known to have two promoters, SP and CP, both of which are strong T7 RNA polymerase
promoters (Fig. 1). Two peaks corresponding to positions with the most ECs are apparent in
the plots of Fig. 7B (plots are shown for the 1:1000 ratio of 3'dNTP to NTPs). This is also
observed in the plots of 1S1IW+_Teo, and 1S1IW-_T¢ (Fig. 7B). The locations of promoters
were estimated as described and compared with their known locations. As seen in Table 1, the
results indicate that the one promoter of 1SP_PE and both promoters in all three templates
1S1C_Teo, 1SIW+_Te, and 1SIW-_T¢ were mapped, and that the absolute error for their
positions is about 500 bp, which is close to the resolution of light microscope. In addition, the
orientation of the promoters was determined, and the WP promoter in 1S1W-_T¢ was shown
to be the only one in the reverse orientation.

By computing the ratio of total fluorescence intensity of the ECs initiated from different
promoters, the relative strength of each promoter can be evaluated.

s 2 lecs p1 ,
ratio =y (7)
ECs P2

where lgcs p1and lgcg po are the integrated fluorescence intensities of each EC from promoter
P1 and P2, respectively, and Sy, is the calculated ratio of the strength of promoter P1 to P2.
Table 2 compares the promoter strength of three DNA templates we designed, each with two
different promoters. The plasmid 1S1C_ T¢ has the two promoters, SP and CP, both strong
promoters for T7 RNA polymerase [42]. They display a comparable promoter strength, as
expected, with a ratio of 1.05 (see Table 2). Both templates 1SIW+_Te and 1S1W-_Te have
a synthetic T7 promoter (SP) as well as a class Il promoter (WP). A comparison of the number
of ECs and average fluorescence intensity of ECs for these two indicate that more RNAs are
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contained in elongation complexes associated with the T7 synthetic promoter (SP) than with
those for the class Il promoter (WP). The SP promoter is reported to be about twice as strong
as WP [42,43], and SP was determined to be 2.69 times as strong as WP in 1S1W+_To (Table
2). The relative strength of the SP and WP promoters is seen to be affected by the sequence
context: when WP is downstream of SP in 1S1W+_To, it is weaker (SP is 2.69 times as strong)
than when located at the end of the template in 1SIW-_To (where the ratio is 1.79; see Table
2).

Analysis of the Processivity of T7 RNA polymerase and Its Elongation Rate

In order to further analyze the position of elongation complexes and estimate the size of the
transcribed RNAs, single-round transcription reactions supported by the cosmid
(LANL-16c_380H5) template were conducted in the presence of heparin. The reaction times
were 0's, 30 s, 1 min, 2 min, and 3 min, and reactions were mounted and imaged as described.
The distributions of ECs captured at different time points were fitted into a Gaussian curve
(Fig. 8A), and the lengths of the RNAs were estimated by subtracting the position of the
promoter location from the peak position of ECs furthest from the promoter, using the following
equation

Li=u=x5,—F 8)

where g and S; are the mean and standard deviation of the distribution of ECs for the time
point i estimated from Gaussian curve fitting, respectively; Pq is the position of the promoter
and L; is the estimated length of RNA (in kb) produced in time point i. As seen in the scatter
plot of Fig. 8B (where the estimated position of ECs is plotted vs. transcription time), the peak
positions of ECs move downstream with increasing time of transcription, until a plateau is
reached near the 3 min time point. By 3 min, many ECs have moved to the end of their respective
templates. The data were used to estimate the elongation rate for T7 RNA polymerase in the
single-round reactions: 201 + 18 nucleotides per second.

Discussion

While the Optical Mapping system has been developed into a robust, high throughput, single
molecule system able to construct physical maps of whole genomes, including microbial,
fungal, plant and mammalian genomes [18,19,34,44-49], it has now been extended to analyze
the positions and fluorescence intensities of in vitro transcription products associated with
surface-bound single template DNA molecules. This new method allows rapid analysis of
important transcription caveats on OM surfaces. Elongation complexes labeled by
fluorochrome conjugated UTP or stained with YOYO-1 can be clearly detected through
conventional fluorescence microscopy and mapped to their position on single template DNA
molecules.

Our observation that ECs are readily detectable under fluorescence microscopy without
alternatively labeling the RNA ([50] and Fig. 2) eliminates the challenging step of synthesizing
RNAs with fluorescently labeled NTPs. The predominant morphology of ECs visualized
following YOYO-1 staining is a circular punctate located on the DNA backbone, and these
punctate-like ECs can be readily detected on stretched linear DNA (Figs. 2,4,5, and 7 [punctates
were also seen on “combed” DNA] [50]), as well as on the surface when released from the
DNA backbone following proteinase K digestion (Fig. 2L), suggesting that the morphology of
ECs is determined by the secondary structure of single-stranded RNA.

Single ECs can be readily detected when transcription is conducted at a low concentration of
RNA polymerase or in the presence of heparin to block subsequent initiation. Furthermore, the
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fluorescence intensity of punctates increases at higher concentrations of RNA polymerase,
suggesting that most punctates contain multiple ECs.

Our single molecule detection of oriented transcription templates and their associated
elongation complexes enables the mapping of promoter locations and determination of the
direction of transcription and of promoter strength through careful statistical analysis of
ensembles of single DNA molecules. The addition of 3'dNTPs to in vitro transcription reactions
was a significant improvement that controls the movement of ECs along DNA backbone and
facilitates the detection of promoters. In reactions with dNTPs (along with NTPs), only one
peak (for ECs) is generally detected along templates with one T7 promoter (1SP_PE) and two
apparent peaks for templates with two T7 promoters (1S1C_Teg, 1SIW+_ T and 1S1W-_
Te). This modification significantly reduced the possibility of false positive cases and was
shown to improve the accuracy for the determination of promoter position.

A statistical analysis of the positions of ECs on surface mounted template DNA/transcription
products following digestion with restriction enzyme allows promoters to be mapped within
approximately 500 bp. The restriction enzyme digestion of surface-mounted template DNASs
results in orientation of the DNA molecule; it also improves the accuracy of estimates of
promoter loci. Furthermore, comparison of the positions of ECs on template DNAs at different
transcription times (Fig. 8A) or from reactions conducted at different ratios of 3'dNTP and
NTPs (Fig. 6, Fig. 7) allows the direction of transcription to be determined.

We also show that promoter strength can be estimated by measuring the fluorescence intensity
of ECs and determining the frequency of ECs at specific template loci. The results obtained
are consistent with those obtained by conventional methods.

Automated and high throughput application of Transchip to whole genome expression analysis
promises to provide a new, direct method that detects elongation complexes in place on single
template molecules and that reveals promoter sites, strength of promoters, direction of
transcription, and termination of transcription with ensembles of single molecules. A schematic
for genome-wide Transchip analysis is diagrammed in Fig. 9. Key improvements required for
high throughput analysis include advances in adaptation to image processing, as well as
improvements and optimization of the presentation of template/elongation complexes on
surfaces or by other means. Perfect stretching of template DNAs with associated ECs on the
surface (with little background of uneven stretching) would result in improvements in the
calling of ECs. Another approach would be to use FRET (fluorescence resonance energy
transfer) imaging or two-color labeling to clearly define the ECs. The linking of transcriptional
data from single genomic DNA templates to sequence and/or map data promises to provide a
powerful tool for probing expression patterns across genomes under defined conditions.
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Fig 1.

Diagram of plasmids - 1SP_PE, 1S1C_Te, 1S1W+_Te, and 1S1W-_T¢ - constructed with one
or more of the following transcription elements: a synthetic T7 promoter, SP; a consensus T7
promoter, CP; a T7 class Il promoter, WP; and a terminator (T¢). The arrows show the direction
of transcription. The short, vertical bars represent BamH | cleavage sites. The scale bar (bottom)

is in kb.
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Fig 2.

Identification and localization of fluorescently labeled transcripts on DNA template
LANL-16¢_380HS5. In vitro transcription reactions were conducted and mounted on APDEMS
OM surfaces, as described. A-C and G-I) Images were taken using XF-102 filter, which is
suitable for TMR-6-UTP labeled RNA. A) In vitro transcription with T7 RNA polymerase,
NTPs and TMR-6-UTP. B) Control transcription reaction, lacking NTPs. C) Control reaction,
lacking T7 RNA polymerase). D-F) These images correspond to those of A-C, taken using a
YOYO-1 filter following staining with YOYO-1. Elongation complexes were digested with
RNase | (G) or with RNase H (H), or with proteinase K (I) on the surface. J-L) These images
correspond to those of G-I, following staining with YOYO-1. The surfaces were APDEMS
surfaces (see Materials and Methods).

Anal Biochem. Author manuscript; available in PMC 2007 August 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu and Schwartz

Fluorescence Intensity (a.u.)

Page 18

A B
120 - -
100 - ) & 400000 -
r,."\ —DNA Ab 2
80 - J | —DNAEm £ 300000 -
60 - / . RNA Em E
| | o
0. /| 8 20000 |
/L 8 10000
20 - / \ 5 I
] 3 [
0 —l T T T T w 0 L T T T T 1
-20300 400 500 600 700 0 2 4 6 8 10
A (nm) RNA size (kb)

Fig 3.

Analysis of YOYO-1 stained RNA. A) Comparison of spectrum of YOYO-1 stained DNA
(DNA Em) with YOYO-1 stained RNA (RNA Em) excited by the maximum absorption
wavelength for DNA (DNA Ab) 491 nm. B) Scatter plot of the mean integrated fluorescence
intensity of single RNA molecules mounted on Optical Mapping surfaces (APDEMS), with
error bars indicating the standard deviation. Acquisition time: 5000 ms; number of analyzed
molecules: 100 to ~200 for each measurement; light power: ~ ImW. The RNAs were diluted
to an appropriate concentration (~ 50 pg/ml) before they were mounted on the surface.
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Fig 4.

Transcription reactions with template DNAs bearing one (A), two (B) or multiple (C) T7
promoters were surface-mounted (on trimethyl surfaces) and stained with YOYO-1. A)
Representative image from a reaction supported by the cosmid LANL-16¢_380H5, a 44.675
kb template with one promoter 16 kb from one end. B) Representative image from a reaction
supported by 1S1C_Te, which is 27.212 kb and has two promoters at 3.675 kb and 9.665 kb
from one end. C) Representative images from a reaction supported by T7 genomic DNA, which
is 39.937 kb and has 17 promoters. All template DNAs were linearized prior to transcription.
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Fig 5.

Fluorescence intensity profiles of single DNA molecules following transcription supported by
cosmid LANL-16c_380H5 (at 20 ng/l) with a punctate from transcription with 5 units of T7
RNAP, T5 (A), an EC from a single round with 1 unit of T7 RNAP, T1 (B) and no EC (C).
The molecule analyzed in each of the panels (A), (B) and (C) is the top one in the image. The
X coordinate represents the DNA length in pixels and the Y coordinate represents the
normalized fluorescence intensity of each pixel along the DNA backbone. The arrows point to
the pixel in the plot with the maximum intensity on the DNA backbone, labeled with the ratio
of S/N (signal to noise). The white bar in the image represents 5 m. D) The bar graph shows
S/N levels for a punctate with multiple RNAs (T5, from a reaction with 5 units of T7 RNAP);
for a punctate fromareaction T1, with 1 unitof T7 RNAP and heparin (both witha 3'dNTP:NTP
ratio of 1:2000); pixels with maximum intensity on control DNA molecules (control 1), and
every pixel on control DNA molecules (control 2). Each bar is calculated from 20 molecules,
and error bars show the standard deviation.
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Fig 6.

Assessment of positions of ECs along single template molecules in transcription reactions
conducted at decreasing levels of 3' dNTPs. A) The histograms show the distribution of ECs
on the linear cosmid DNA (LANL-16¢_380H5) from reactions conducted with ratios of 1:500,
1:1000, 1:2000 and 1:5000 of 3'dNTPs to NTPs. The arrow in each histogram indicates the
location of the T7 promoter (at 15.9 kb; see diagram of LANL-16¢_380H5 below). The
frequency of the distribution of ECs is normalized with respect to the total number of ECs
analyzed for each histogram. (Approximately 100 to 200 ECs were analyzed for each
histogram.) The smooth curves represent fits to a Poisson, with regression fit (R?) and
calculated mean value () shown for each graph. corresponds to the average distance of ECs
downstream of the promoter. B) The ratio of 3'dNTPs/NTPs is plotted vs (kb) and vs. the
average integrated fluorescence intensity of ECs. The average distance of ECs downstream
from the promoter () increases with decreasing ratios of 3'dNTPs/NTPs. Error bars in the bar
graph were calculated as the standard deviation on sets of ECs. (138, 100, 92 and 123
measurements were made for reactions conducted at 1:500, 1:1000, 1:2000 and 1:5000 ratios
of 3'dNTPs/NTPs, respectively.) The integrated fluorescence intensity was calculated for each
stalled EC. The arbitrary units represent the grey value from pixels of ECs.
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Fig 7.

Localization of promoters on the template DNAs 1SP_PE, 1S1C_Te¢, 1S1W+_Teo, and 1S1W-
_To. A) Representative images of surface-mounted transcription reactions supported by
1SP_PE, 1S1C_Te¢, 1S1W+_Te, and 1SIW-_Te. Yellow arrows point to prominent ECs, and
blue arrows to BamH | restriction sites. The two discernible BamH | fragments are 8.3 and
16.8 kb for 1SP_PE; 10.3 and 16.8 (1S1C_T¢); 9.6 and 16.8 (1S1W+_T¢), and 8.9 and 16.8
(1S1W-Te). (White bar: 5 m). B) Histograms show the distributions of ECs on template DNASs
at ratios of 3'dNTP to NTP of 1:1000. The solid plots are the Poisson curve fits with shown
regression fit (R2) and calculated mean value () for each graph. (100-200 molecules were
analyzed for each graph.)
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Fig 8.

Analysis of the processivity of T7 RNA polymerase and its elongation rate. A) The distribution
of positions of ECs on the template cosmid LANL-16c_380H5 is shown for single-round
transcription reactions conducted for 30 sec, 1 min, 2 min and 3 min. The frequency of ECs is
normalized with respect to the total number of measurements (73, 101, 98 and 199
measurements were included, respectively, for the 30 sec, 1 min, 2 min and 3 min time points).
The X coordinate starts at the 14 kb position, since the promoter is at 15.9 kb. The solid plots
are the Gaussian curve fit (analyzed using Origin software). The R2 values of regression fit are
respectively 0.98 (30 sec), 0.94 (1 min), 0.92 (2 min) and 0.81 (3 min). Reactions were 20 ng/
I in template DNA and contained 50 units of T7 RNAP. They were preincubated 10 min before
addition of NTPs and heparin (to 100 g/mL). (B) The plot shows the estimated length of RNAs
at different time points.
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Fig 9.

Analysis of genome-wide transcription products at the single molecule basis. For Transchip
analysis across a genome, single genomic template DNASs are transcribed with the appropriate
RNA polymerase and factors at different ratios of 3'dNTPs to NTPs. Elongation complexes
are fixed to genomic DNA by crosslinking with formaldehyde (HCHO) prior to the mounting
and elongation of the reaction products on Optical Mapping surfaces. Following restriction
enzyme digestion of surface-mounted template molecules, the template molecules with
associated elongation complexes (ECs) are stained with fluorescent dye, imaged, and positions
of ECs determined. Molecular barcodes (single molecule restriction maps) are used to index
individual DNA molecules to the consensus map or in silico map of the genome constructed
from sequence. Aligned molecules and positions and directionality of promoters determined
from Transchip analysis are used to construct an in vitro transcription profile for the whole
genome.
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Table 1
Comparison of Estimated Promoter Locations vs. Their Known Locations
Template 1SP_PE| 1S1C To 1SIW+ To 1SIW- To
Promoter SP SP CcP SP WP SP WP,
Estimated promoter location (kb) 3.35 3.67] 9.66} 3.79 9.02 3.79 24.9
Actual promoter location (kb) 3.14 3.14 9.14 3.14 8.69 3.14 26.0
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Table 2
Estimate of Promoter Strengths

#ECsl Intensity of ECs| #ECy| Intensity of ECs| Ratio
Promoter SP CP
1S1C To 209 | 788776 202 | 775923 1.05
Promoter SP WP
1SIW+ T 218 252394 98 208529 2.69
1SIW- T o 90 153613 51 150914 1.79

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Anal Biochem. Author manuscript; available in PMC 2007 August 13.



