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We have developed a rapid molecular mapping technology—Direct Linear Analysis (DLA)—on the basis of the
analysis of individual DNA molecules bound with sequence-specific fluorescent tags. The apparatus includes a
microfluidic device for stretching DNA molecules in elongational flow that is coupled to a multicolor detection
system capable of single-fluorophore sensitivity. Double-stranded DNA molecules were tagged at sequence-specific
motif sites with fluorescent bisPNA (Peptide Nucleic Acid) tags. The DNA molecules were then stretched in the
microfluidic device and driven in a flow stream past confocal fluorescence detectors. DLA provided the spatial
locations of multiple specific sequence motifs along individual DNA molecules, and thousands of individual molecules
could be analyzed per minute. We validated this technology using the 48.5 kb \ phage genome with different 8-base
and 7-base sequence motif tags. The distance between the sequence motifs was determined with an accuracy of +0.8
kb, and these tags could be localized on the DNA with an accuracy of +2 kb. Thus, DLA is a rapid mapping

technology, suitable for analysis of long DNA molecules.

[Supplemental material is available online at www.genome.org.]

Traditionally, DNA mapping has been an important strategy to
study structures and organizations of genomes. Recent advances
in DNA sequencing technologies, however, have served to dimin-
ish the relative importance of traditional mapping. Nonetheless,
growing interest in comparative genomics has created a need for
technologies that can rapidly and efficiently characterize a ge-
nome, particularly larger genomes. Furthermore, in many cases,
single-base resolution is unnecessary, as genomic differences
among species (e.g., microorganisms) or among individuals
within a given species (e.g., humans) can be discerned using
lower-resolution mapping approaches (Olive and Bean 1999).
Thus, there is a need for a practical, rapid, and highly efficient
DNA mapping technology.

Currently, restriction mapping is the most practicable map-
ping approach that combines high resolution with high density
(Brown 1999). Gel electrophoresis-based restriction enzyme map-
ping using just a single enzyme has been a workhorse for the
human genome project and other large-scale efforts to provide a
fingerprint identification of BAC clones (Soderlund et al. 2000).
Traditional restriction mapping with multiple enzymes has al-
lowed characterization and manipulation of genomic regions of
interest (Brown 1999). To study human variation, restriction
fragment length polymorphism (RFLP) analysis has allowed in-
vestigators to identify SNPs that correlate with disease loci (Shi
2002). Nonetheless, restriction mapping has fundamental draw-
backs that limit its utility for comparative genomics. Digestion of
the DNA removes information regarding the ordering of the frag-
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ments, requiring the use of multiple enzymes to construct the
correct map. Furthermore, as RFLP analysis involves a mixture of
molecules, haplotype information is inaccessible. For large DNA,
pulsed-field gel electrophoresis is slow, requiring 10-50 h per
run, depending on the size of analyzed DNA (Birren and Lai
1993). Further, traditional restriction mapping is cumbersome,
difficult to automate, and requires significant amounts of DNA
for analysis.

A promising approach for enhanced genomic mapping in-
volves optical interrogation of individual DNA molecules demar-
cated at sequence-specific sites. Single-molecule analysis serves to
reduce reagent costs and preserve physical haplotype informa-
tion. Elegant studies by Schwartz and colleagues (Aston et al.
1999a; Lim et al. 2001) showed that very long strands of DNA can
be physically mapped by imaging individual stretched DNA mol-
ecules attached to a surface and digested with a restriction en-
zyme. Thus, without DNA amplification, this group was able to
reconstruct restriction maps of a 5.5-Mb microbial genome (Lim
et al. 2001). Preservation of physical ordering of the fragments
obviated the need for complex reassembly of map information,
and the use of long DNA molecules greatly reduced the complex-
ity of the sample. Thus, this work has revealed the power of
single-molecule mapping technology for rapid genome charac-
terization.

We have developed a new technology, termed Direct Linear
Analysis (DLA), to map large DNA molecules. Herein, we report a
proof of principle application of DLA for mapping the 48.5-kb \
phage genome using several sequence-motif tags. DLA is based
on microfluidic unwinding and stretching of individual double-
stranded DNA molecules that flow in a linear fashion through a
laser-illuminated detection zone. To reveal map information,
site-specific fluorescent tags are bound to the DNA. In the present
study, we used fluorescent peptide nucleic acids (PNAs) targeting
7-8 bp sites. The detection sensitivity of the system allowed us to
analyze single fluorophore tags on individual molecules at
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throughputs of thousands of molecules per minute. Several \
phage DNA maps were successfully measured with different tag
designs.

RESULTS

Direct Linear Analysis Technology

Once isolated and purified, double-stranded DNA in aqueous so-
lution assumes a random-coil conformation. Prior to linear mea-
surement, it must be unwound and stretched. This is performed
in our system by hydrodynamic forces generated in laminar flow
by a tapered microfluidic channel (Fig. 1A). After injection into
the loading port, the sample solution is pressure driven into the
chip, and tagged DNA molecules travel with the flow in their
random-coil forms. Downstream, DNA uncoils as it interacts
with the post fields. These prestretched molecules stretch to
completion under hydrodynamic influences in the tapered re-
gion. The short taper length produces flow acceleration over a
distance comparable to the size of the DNA. The resulting differ-
ences in flow velocities around different parts of the molecule
produce the force that stretches it (Perkins et al. 1995). The flow
acceleration must be sufficient to provide forces on the order of
10 pN to ensure stretching DNA to its contour length (Busta-
mante et al. 2000). The degree of DNA stretching depends upon
the flow strain rate and relaxation time of the molecule confor-
mation (Marko and Siggia 1995; Perkins et al. 1997). These pa-
rameters are mostly set by taper design, flow velocity, and poly-
mer contour length. A systematic study of the performance of
different microfluidic geometries with a range of DNA size stan-
dards will be published elsewhere (J.W. Larson, G.R. Yantz, R.
Charnas, C.M. D’Antoni, M.V. Gallo, K.A. Gillis, L.A. Neely, KM.
Phillips, G.G. Wong, S.R. Gullans, et al., in prep.). In the present
study, we used a published analysis (Perkins et al. 1997) to design
a microchip configuration and operating conditions that are ad-
equate for stretching 50-kb long DNA. The chip included a post
field, a funnel with a 10:1 taper reduction ratio, a taper shape
providing W(x)~1/x2 profile (W is the channel width, and x is the
coordinate along the flow direction), and a 5 pm-wide interro-
gation channel. The interrogation channel had uniform cross-
section to ensure constant solution velocity, which was 10-15
pm/msec.

Once inside the channel, stretched and tagged DNA mol-
ecules traveled through spots of focused laser light that excites
fluorescence. Epi-illumination of the sample and confocal detec-
tion were arranged within a fluorescence microscope (Fig. 1B).
This optical scheme is typical for single molecule detection (for
example, see Rigler et al. 1993). The excitation spots of beams ExI
and ExII were overlapped, whereas spot ExIII was displaced by a
distance Z down the channel (Fig. 1A). Typical emission signals
detected in data channels 1-3 are presented in Figure 1C. The
DNA backbone was stained with the intercalating dye, TOTO-3,
which was excited by red light (633 nm) and emitted fluores-
cence when DNA traveled through spots ExII and ExIII. As a
result, the DNA backbone profile was detected initially in data
channel 2 (red profile in Fig. 1C) and, after some delay (T), in
data channel 3 (blue profile). We define a DNA event as a con-
tiguous set of photon counts (red and blue squares connected by
thick lines in Fig. 1C) above a threshold value that is determined
from the average and the standard deviation of the background
noise. The excitation spots were positioned sufficiently far down-
stream in the interrogation channel so that flow velocities were
uniform around the molecules as they passed between spots to
ensure unaccelerated movement of the molecules. The average
velocity, V, of each molecule was calculated independently using
the known distance, Z = 20 microns, between spots ExII and Ex-
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III, and the measured transit time, T. For example, the velocity of
the molecule in Figure 1C is V = Z/T = (20 microns)/(1.18
msec) = 16.9 mm/sec. Using the calculated velocity and the DNA
residence time in spot ExII, T =0.9 msec, the DNA length,
X =V*r=15.3 pm, was calculated for this individual event. For
simplicity, we call this measurement a length, although techni-
cally, it is the DNA projection in the direction of flow, and it only
relates to the DNA contour length—the length per nucleotide
times the number of nucleotides—in that the two values are
equal for 100% stretching.

The apparent center of the molecule (CM) was used as the
main geometrical reference point along detected DNAs. For ex-
ample, the time delay, T, was determined as the transit time of
the CM between ExII and EXIII in Figure 1C. The CM position
was determined using the backbone emission profile, under the
assumption that the intensity was proportional to the amount of
DNA within the excitation volume. This assumption is valid
when DNA is stained close to saturation (Larsson et al. 1994;
Carlsson et al. 1995). In the stretched state, DNA molecules with
free termini are not stretched homogeneously, but rather adopt a
stem-and-flowers conformation (Perkins et al. 1995; Manneville
et al. 1996). As a result, when incomplete stretching occurs, it is
concentrated in the terminal regions (flowers), whereas the
middle of the DNA molecule remains highly stretched (stem).
Therefore, the central portion is generally usable for analysis
even for incompletely stretched molecules, and is the best posi-
tion for a reference point such as the CM. The fully stretched
stem portion relaxes slowly (~60 msec for N DNA in water; Per-
kins et al. 1997) in comparison with the measurement time (the
time the molecule travels through spot ExII, which is <2 msec), so
it stays stretched after the taper for a time sufficiently long for
interrogation.

Although tension varies along the DNA backbone, the goal
of uniformly linearized molecules can still be accomplished, be-
cause once almost fully stretched, DNA resists further elongation
quite strongly; changing force from 5 to 70 pN only increases
DNA extension from 95% to 100% (Smith et al. 1996; Busta-
mante et al. 2000). Thus, the inextensibility of the DNA double
helix is a cornerstone of our approach. However, forces exceeding
70 pN may result in DNA overstretching, which we have ob-
served, but which can be avoided by the proper choice of channel
geometry and flow velocity.

Microfluidic Stretching and Selection of Molecules

for Analysis

Figure 2A presents the distribution of calculated lengths for all
detected DNA molecules. The histogram has an asymmetric peak
with a maximum at 16-17 pm (Fig. 2A), which corresponds to
considerable extension of A DNA molecules from their relaxed
random-coil conformations (0.9 pm average end-to-end dis-
tance; Strobl 1997). This peak asymmetry, with an abrupt border
at larger sizes, is expected for a population of stretched mol-
ecules, in which a large portion is completely stretched. In this
case, the position of the abrupt border corresponds to the DNA
contour length. As further evidence that this population includes
completely stretched molecules, the peak position was indepen-
dent of flow velocity above a minimum threshold value (data not
shown). This observation is consistent with complete DNA
stretching, because insensitivity to increased force is a hallmark
of completely stretched DNA, as discussed above. Note that the
position of the maximum corresponds to the 16.5 pm contour
length of unstained N DNA molecules (Bustamante et al. 1994);
our DNA did not exhibit an increase in contour length when
intercalated, probably due to a low proportion of dye (see Meth-
ods for details).
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Molecules that appeared shorter than 15 pm were either
understretched or fragmented, and we took advantage of uni-
form DNA staining with intercalator to distinguish between the
two possibilities. The total photon count collected per DNA
event, or burst size, B (Fig. 2B), indicates molecule size (Chou et
al. 1999; Foquet et al. 2002). When properly stained, DNA mol-
ecules of the same size contain comparable amounts of interca-
lating dye, and hence, emit similar numbers of photons, B, per
DNA molecule. We corrected for molecule velocity because faster
moving molecules emit fewer photons, B, = b;*V,/V,,, where b; is
the measured burst size for the i-th molecule, V; is its velocity,
and V, = 10 ym/msec is our standard velocity. As expected, full-
length A DNA molecules, being the same size, emit a similar
number of photons, observed as a peak in burst-size distribution
with a maximum at 1400 photons (Fig. 2B). Gaussian interpola-
tion of these data reveals that this sample contained 55% intact,
full-length X DNA molecules, which is smaller than the
89% =+ 5% proportion independently estimated through pho-
tometry of a pulsed-field electrophoresis gel. The ~35% discrep-
ancy can be attributed to preferred adsorption of longer DNA
molecules onto chip surfaces and/or to some DNA fragmentation
during the measurement.

Only stretched and intact DNA molecules were used for
mapping. These can be selected from a histogram of burst size
versus length (Fig. 2C). The average burst size, B,, corresponding
to intact A DNA molecules (horizontal line on Fig. 2C), is defined
by the center of the Gaussian fit (the red line on Fig. 2B). Only
the longest molecules grouped near the B, level were selected for
mapping. For heterogeneous DNA samples, fully stretched DNA
molecules cluster, according to size, along the line of proportion-
ality between burst size and length (data not shown).

We generally prefer a slightly different data presentation
suited for heterogeneous samples, shown in Figure 2D, that lines
up the fully stretched molecules horizontally in histograms of
the average intensity of DNA backbone (burst size divided by the
DNA residence time in spot ExII) versus length. In this approach
to selecting fully stretched intact molecules, the average DNA
intensity versus length revealed a hyperbolic profile (comet) for
intact A DNA (Fig. 2D). The hyperbolic relationship arises because
molecules with the same contour length have the same amount
of bound intercalating dye. Therefore, incompletely stretched
molecules have a proportionally larger fraction of the labeled
DNA backbone, and hence, a larger number of intercalating fluo-
rophores within the excitation field. Consequently, these comet
plots conveniently present DNA mixtures with each size lying
along a unique hyperbola, and with the fully stretched molecules
lined up horizontally at the same level determined by the dye
density on the DNA. This important feature provides one extra

Figure 1 Schematics of the Direct Linear Analysis (DLA) technology. (A)
A cross-section of the microfluidic DNA stretching microchip (top). A
typical design, one of a few, is presented. See text for the exact param-
eters of the chip used in this study. (B) Optical scheme (side view). The
excitation and detection are arranged within a confocal fluorescence mi-
croscope. The excitation laser beams are directed into the microscope
objective with a dichroic mirror that reflects the light with 532 nm (beam
Exl) and 633 nm (beams ExlIl and Exlll) wavelengths, but is transparent to
the fluorescence emission excited by these beams. The emission is further
split by another dichroic mirror and bandpass filters. Fluorescence excited
by the green laser is delivered by optical fiber to the photon-counting
avalanche photodiode (APD) for signal detection in data channel 1. Fluo-
rescence excited by red beams ExIl and Exlll is directed to the APDs of
data channels 2 and 3, respectively. (C) Typical raw data traces from data
channels 1-3 for a single tagged DNA molecule. The red and blue traces
arise from fluorescence of the intercalating dye when the DNA backbone
travels through the excitation spots ExIl and ExlI, respectively. The green
spikes are detected when the DNA-bound PNA tags pass through the
excitation spot Exl and emit bursts of photons.
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Figure 2 Properties of detected molecules of A phage DNA (48.5 kb) in a representative experiment. (A) The distribution of DNA lengths (sizes of DNA
projections X onto the movement direction) for detected DNA molecules. (B) The distribution of burst sizes B (total number of photons per detected
molecule) of the stained DNA backbone (data channel 2). The peak corresponding to full-size A DNA is interpolated with a best fit Gaussian curve. Scatter
plots of burst size B vs. DNA length X (C) and of average intensity of DNA backbone | vs. X (D). C and D include points representing single observed
DNA molecules stained with the TOTO-3 intercalating dye. Because the points are concentrated in small regions, we have chosen to present their
color-coded density rather than the points themselves. The solid red lines in C and D correspond to the center of the Gaussian distribution B,
interpolating the full-size DNA molecules shown in B. A total of 2373 individual molecular traces are represented in this data file. The data points included
in the red box in D were used to calculate one of the DNA maps presented in Figure 3D. This selection contains ~400 molecules. The corresponding
interval, including molecular traces with projections between 16.25 and 17.25 pm, is outlined in red in A.

criterion for the selection of the appropriate molecule traces for
analysis. For mapping analysis, we selected only the longest mol-
ecules (16.25-17.25 pm) belonging to the comet head, and,
therefore, having the same burst size. The selected data are sur-
rounded by a red square in Figure 2D and included about 400
individual molecule traces or 28% of all detected molecules. If
only intact A DNA molecules are taken into account, which con-
stitute 55% of all detected traces (see above), then 100%*28/
55 = 51% of them were selected as being sufficiently stretched for
further analysis.

Generation of a Molecular DNA Motif Map

With Site-Specific Tagging

DLA technology uncovers maps by locating fluorescent tags spe-
cific for sequence motifs along individual extended DNA mol-
ecules. Motif frequency depends on length and sequence com-
position. For instance, short and frequent motifs, like the 7- and
8-bp recognition sequences used in this study, produce informa-
tion dense maps. We chose a DNA motif-tagging chemistry based
on peptide nucleic acid (PNA) probes (Nielsen and Egholm 1999)
and specifically bisPNA clamps that are capable of forming stable
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complexes with 7- and 8-bp targets. Their detailed description,
including specific designs, functional properties, methods of use,
and an evaluation of tagging efficiency and specificity, is avail-
able in the Supplemental material.

Figure 3 illustrates the use of DLA to map the motif tag
bisPNA H (Table 1) within the 48.5-kb A genome. We selected this
sequence motif to validate the DLA approach because it has only
two target sites, and they form a simple asymmetric pattern with
one site conveniently at the center (Fig. 3A). The \ genome also
includes two sites with a single-end mismatch (SEMM) within.
We neglected all other mismatching complexes, because SEMM
sites prevail as a source of false-positives (Kuhn et al. 1999).
Single- and double-tetramethylrhodamine (TMR) fluorophore
versions of tag H were synthesized (H-1TMR and H-2TMR, respec-
tively, Table 1). Tagging specificity was independently assessed
for every sample using a band-shift assay and gel photometry (see
Supplemental material). For bisPNA H-2TMR, 89% and 11% of
target and SEMM sites, respectively, were tagged. Therefore, 7.4
targets per SEMM were bound, or roughly one SEMM site per 3—4
N DNA molecules was tagged.

Figure 3 shows the step-by-step development of the bisPNA
H map of A DNA. This approach uses the central position of one
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Figure 3 Mapping of bisPNA tag H-2TMR on \ phage DNA. (A) Theo-
retical A DNA (48.5 kb) map. Motif H has sequence (amino termi-
nus)TCCTTCTC(carboxyl terminus) (Table 1), corresponding to the tar-
get (5")GAGAAGGA(3’). Positions of motif target sites are shown with
green dashes. These motifs are separated by 17.2 kb. (B) Actual fluores-
cence data traces from a single motif tagged A DNA molecule. Motif tag
fluorescence (green trace) and intercalated DNA fluorescence (red trace)
are detected in data channels 1 and 2, respectively (see also Fig. 1C). The
vertical gray line shows the position of the center of the molecule (CM).
(O) A map obtained by summing of ~500 single molecule traces. Gaussian
fits to the tag position data are represented by the red line. (D) Oriented
maps measured in five different experiments with different sample prepa-
rations to illustrate reproducibility. Only Gaussian fits are presented. The
maps are aligned in the middle of the interpolated central peak. The
maps are normalized to the higher of the two peaks. The average mea-
sured geometrical distance between the motif targets is presented.

of the targets and differs from the one used in the next section.
It was applied to validate DLA and obtain a conversion factor to
convert measured lengths into kilobases in this study. Individual
DNA molecules, hybridized with tags and backbone stained, were
interrogated. Only A DNA molecules stretched to between 16.25
and 17.25 pm lengths were selected for analysis (within the red
square, Fig. 2D). TMR fluorophores of bisPNA tags were excited
by green (532 nm) light and detected as photon bursts or spikes
(green trace in Fig. 3B). As with the DNA backbone, tags were
identified as photon bursts that exceeded a threshold count set
by the average and the standard deviation of the background

noise (green squares in Fig. 3B). To calculate the location of tags
on the DNA backbone, the raw time domain data were converted
into distances using the calculated velocity for each DNA event.
The molecule in Figure 3B contained two tags bound at the
matching sites. The TMR signals at 0.5 and 0.8 msec corre-
sponded to the target locations at 24.4 and 41.6 kb, respectively
(Fig. 3, cf. A and B).

To obtain a robust map, tens to thousands of molecular
traces were analyzed together. Figure 3C shows a histogram of
detected tag locations with respect to the CM of stretched intact
DNA molecules. Some DNA molecules traveled headfirst, and
others in the opposite orientation. Therefore, three peaks were
expected, symmetrical about zero, with the side peaks at one-half
of the height of the central peak, because both orientations con-
tribute to the center peak (target position 24.4 kb), whereas the
side peaks (target position 41.6 kb) are orientation specific. Each
peak was fitted with a Gaussian curve (red lines in Fig. 3C) that
allowed peak location to a better accuracy than the measurement
resolution (for example, see Lacoste et al. 2000). To eliminate the
ambiguity of molecule orientation, the fitted curve for the left
peak was mirrored about the position of the central peak. The
resulting histogram was then positioned to align the center peak
with the CM of the DNA. This fine-tuning step eliminated small
day-to-day offsets between the red and green lasers, which was
about +0.4 pm in these measurements. The uncertainty in red/
green laser alignment affects the absolute position of the map on
the DNA, but it does not influence the relative measurements of
the distances between motifs.

We calibrate our measurements comparing measured and
genetic distances between the targets. Average geometrical dis-
tance between the two bisPNA H peaks was of 5.78 = 0.27 pm
determined using data from five independent experiments (Fig.
3D). This corresponds to the 17.2-kb genetic distance between
the target sites, producing a conversion factor of 0.336 = 0.016
um/kb = 3.36 + 0.16 A/bp. This coefficient was used to convert

Table 1. Chemical Structures of bisPNA Fluorescent Tags

Tag

name Chemical Structure

H-TTMR  TMR-OO-Lys-Lys-TCC TTC TC-OOO-|T| TTJ JT-Lys-OO-
Lys-O

H-2TMR  TMR-OO-Lys-Lys-TCC TTC TC-O0O-|T] TT) JT-Lys-OO-
Lys(TMR)-O

bis7 TMR-OO-Lys-Lys-TCC TTC T-OOO-T|T TJ) T-Lys-Lys

S-1TTMR  TMR-OO-Lys-Lys-TTT CTC TT-OOO-TT] TJT TT-Lys-Lys

S-2TMR  TMR-OO-Lys-Lys-TTT CTC TT-OOO-TT| TJT TT-Lys-OO-
Lys(TMR)-O

S-1Alx Alexa-OO-Lys-Lys-TTT CTC TT-OOO-TT] T|T TT-Lys-Lys

S-2Alx Alexa-OO-Lys-Lys-TTT CTC TT-OOO-TT| T|T TT-Lys-Lys-

OO-Lys(Alexa)-O

The tags include tetramethylrhodamine (TMR) or Alexa 546 fluoro-
phores, which are conjugated to amino-terminal or lysine side-chain
amino groups. Fluorophores, Watson-Crick (T+C) strand, and Hoogs-
teen (T+J) strand are connected with -O- linkers (8-amino-3,6-dioxa-
octanoic acid), which form flexible hydrophilic tethers. (T) Thymine;
(C) cytosine; (J) pseudoisocytosine. The replacement of C with | in the
Hoogsteen strand promotes hybridization of this bisPNA at pH > 6.5
(Kuhn et al. 1999). The lysines introduce positive charges to improve
hybridization efficiency (Demidov and Frank-Kamenetskii 2001). The
sequences are presented from amino terminus (left) to carboxyl ter-
minus (right). Amino- and carboxy-termini of Watson-Crick strand of
PNA (bold) hybridize to 3’- and 5’-termini of DNA target, respec-
tively, whereas amino- and carboxy-termini of Hoogsteen strand of
PNA hybridize to 5- and 3’-termini of DNA target, respectively
(Nielsen and Egholm 1999).
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Figure 4 Theoretical and measured maps of X phage DNA obtained
with H-2TMR, H-TTMR, and bis7 bisPNA tags (Table 1). Motif H has
sequence (amino terminus)TCCTTCTC(carboxyl terminus) and motif bis7
has sequence (N)TCCTTCT(C); their corresponding targets are
(5")GAGAAGGA(3') and (5)AGAAGGA(3’). (A) Theoretical motif map
obtained using either H or bis7. (B—E) Experimental maps obtained with
H-2TMR, H-1TMR, and bis7 tags. The data sets used to obtain the maps
B, D, and E included 2562, 7794, and 1909 total individual molecular
traces, respectively. Map C was obtained using a subset of only 57 mo-
lecular traces from the same data set used on map B. These 57 molecules
belonged to a very narrow range of burst and linear sizes, representing a
small spot within the red box on the graph Figure 2D. All experimental
maps are aligned using their centers of molecules (CM, at 0 microns). The
center of the theoretical map is aligned with the experimental CM. Theo-
retical map was scaled using 0.336 pm/kb ratio (see text for details).

lengths into kilobases throughout the remainder of this study
(see Figs. 4 and 5), as well as to calibrate the x-axis in Figure 3D.
This conversion factor is comparable, within experimental un-
certainty, to the axial rise of 3.4 A/bp determined by X-ray dif-
fraction for B-form DNA (Langridge et al. 1960; Sinden 1994).
The intertag resolution was 1.5 pm or 5 kb, on the basis of the
average full width at half maximum of the fitted Gaussian peaks
in Figure 3D.

Due to imperfect tag chemistry and variability in detection
efficiency, both unoccupied targets (false negatives) and spurious
signals (false positives) were observed on many molecules. To
correct for them, we utilized multiple molecule traces for statis-
tical signal analysis. In general, more bisPNA H false negatives
were recorded by DLA than expected from gel band-shift assays;
only two-thirds of the detected DNA molecules exhibited one or
more tags at any position, in contrast to 89% target-site occu-
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pancy from band-shift analysis (see Supplemental material).
Most likely, not all bound tags were detected, especially in the
periphery of the excitation spots where low excitation energy
was insufficient for detecting single-tag fluorophores, but was
still enough to detect more fluorescent DNA molecules. There-
fore, we summed several hundred molecules to produce histo-
grams of detected tag locations (Figs. 3C, 4, and 5). This approach
also diluted the contribution of the false positives that can arise
from residual nonreacted tags or from unspecific binding.

Procedure for Obtaining DNA Maps

To obtain maps, we must distinguish between head-first and tail-
first orientations of the detected DNA molecules. In this study,
we used a procedure, based on the asymmetry of the binding
motifs we studied, to obtain the maps presented in Figures 4 and
5. The algorithm oriented each molecular trace before calculation
of the sum, so that the half of DNA molecule that emitted more
photons in the green channel (data channel 1, which detected
emission of tags), was oriented toward the positive axis direction.
However, not all molecular traces were oriented properly because
of shot noise. Therefore, the maps in Figure 4 have a small ghost
peak at —5.6 pm symmetric to the peak at +5.6 pm (41.6 kb).

A Target: AAGAGAAA
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ADNA 0 L 1'48.5kb
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Figure 5 Theoretical and measured maps of A phage DNA obtained
with S-1TMR, S-2TMR, S-1Alx, and S-2Alx bisPNA tags (Table 1). These
tags all have the same sequence motif (amino terminus)TTTCTCTT(car-
boxyl terminus), which recognizes the target (5')AAGAGAAA(3’). (A)
Theoretical map obtained for this motif. (B-E) Experimental maps ob-
tained with S-1TTMR, S-2TMR, S-TAlx, and S-2Alx bisPNA tags, respec-
tively. The data sets used to obtain the maps B, C, D, and Eincluded 2279,
2275, 145, and 943 total individual molecular traces, respectively. See
Figure 4 caption for details.



Single-Molecule DNA Mapping

This ghost peak was much smaller than the correct peak, so it did
not produce any problem with map interpretation.

Mapping of Different Motifs With Different Tags

To demonstrate that bisPNA tags can be used for DLA mapping
and to evaluate the influence of various structural elements on
mapping accuracy, we tested a variety of the tags having different
sequences, lengths, numbers and types of fluorophores, and
numbers of positive charges (Table 1, see Supplemental material
for rationale). Three tags were designed in a way that produced
maps of similar complexity. However, they differed dramatically
in the numbers of SEMM sites within A DNA, in order to chal-
lenge our ability to produce an accurate map. Tag H was the
simplest case, as it had only two SEMM sites within A DNA. In
contrast, tag S with its 14 SEMM sites represented a more typical
case for an 8-bp sequence motif, and tag bis7 had 37 SEMM sites
(one per 1.3 kb on average). At a labeling specificity of 10, which
represents the ratio of the proportion of tagged target sites to the
proportion of tagged SEMM sites, any given DNA molecule la-
beled with this tag would have more tagged SEMM sites (two to
three) than targets (two or less).

Regardless of the number of SEMM sites and design features,
correct maps were obtained with every tag. Measured maps for
bisPNAs H and bis7 are shown in Figure 4 and for bisPNA S in
Figure 5, with theoretical maps displayed above (Figs. 4A and 5A)
for comparison. Each of the observed maps exhibited major
peaks easily distinguishable by intensity from other features.
These peaks are centered at the expected target positions. For
every expected target position, a corresponding peak was found
and no other major peaks were observed. The measured maps
corresponded directly to target sequences and did not depend on
other features of the bisPNA tag designs. These results demon-
strate successtul mapping of 50 kb-long DNA, using a variety of
different bisPNA tags, including those with a different number of
charges, as well as a different number and types of fluorophores.

At current labeling specificity, DNA tagged with bis7 bisPNA
had more than half of the tags bound to SEMM sites, and these
sites were concentrated in the termini-adjacent regions. False
positives produced by these SEMM sites complicated the work of
the orienting algorithm and resulted in a widening of the mea-
sured peak corresponding to the target at 41.6 kb (Fig. 4 E). Re-
gardless of this problem, both major target peaks are clearly vis-
ible on the map and centered at the exact positions.

Application of the algorithm, orienting molecular traces us-
ing their asymmetry, also makes the central peak of the maps in
Figure 4 asymmetric and sharper than the terminal peak. It hap-
pens because the tag at 24.4 kb is closer to the CM than current
resolution (=+2.5 kb), and therefore can be detected both to the
left and to the right from CM. However, in the DNA molecules
with only this tag detected, the central signal is always oriented
by the algorithm to the right. From a different viewpoint, the fact
that the central band remains so sharp after summing so many
molecular traces proves that our approach of determining the
CM position using the backbone intensity profile works very
well.

Selecting smaller subsets of molecules belonging to a very
narrow range of burst and linear sizes, we estimated that a dis-
cernable map can be obtained with fewer than a hundred mo-
lecular traces total. One such map obtained with just 57 molecu-
lar traces is presented in Figure 4C. This subset was obtained from
the same data set as shown in Figure 4B, in which the selected
area was only a tiny spot as shown by the red dot within the red
box of Figure 2D that includes molecules with lengths of
16.9 + 0.1 pm and intensities (80 + 5)*10* photons/sec.

Mapping the sequence motif AAGAGAAA includes extra
challenges such as multiple SEMM sites, two close targets at 33.0

and 36.9 kb, and the third target site, at 47.2 kb, which is so close
to the end that it could be accurately mapped only with com-
pletely stretched DNA molecules (Fig. 5). The termini-adjacent
regions were much more prone to fluctuations related to incom-
pletely stretched DNA because of the stem-and-flower conforma-
tion. We measured maps using different designs of tag S with
different numbers of positive charges, different types, and num-
bers of fluorophores. Correct maps were obtained with every tag
tested (Fig. 5). A small peak was visible on some maps in the
middle of the DNA at ~0.5 pm. This originated from a cluster of
four close SEMM sites between 23 and 26 kb of A DNA. Regardless
of finite tagging specificity, which was between 7 and 12 (see
Supplemental material), this central peak was still lower than the
peaks at the target positions. With current resolution of 5 kb, we
were not able to resolve the central doublet (33 and 36.9 kb).

DISCUSSION

The study is, in essence, a proof of principle of Direct Linear
Analysis as a new technology for DNA analysis. The two key
components of DLA are (1) a microfluidic system for flowing and
stretching single DNA molecules so that they can be read rapidly
in a linear fashion and (2) fluorescence-based detection that al-
lows the reading of fluorescent tags on single molecules of long
DNA. Its combination of features, namely single-molecule sensi-
tivity, analysis of very long DNA molecules, and high throughput
makes DLA an attractive approach for many genomic applica-
tions. Single-molecule sensitivity eliminates the need for DNA
amplification, and could be particularly valuable for discerning
haplotypes (Ding and Cantor 2003; Mitra et al. 2003). The ability
to analyze very long DNA molecules preserves the higher-order
information in the genome, such as the sequence of linkage dis-
equilibrium blocks. For this, DNA fragments should be suffi-
ciently long to include two or more LD blocks, which are tens to
hundreds of kilobases long (Patil et al. 2001; Gabriel et al. 2002;
Weiss and Clark 2002). Furthermore, because we analyze large
DNA fragments at a rate of 30-60 million bp/min, the through-
put of DLA has the potential to address microbial and human
genomics.

The post and funnel microfluidic device used in this study
allowed us to efficiently stretch N DNA so that >50% of the DNA
molecules were routinely stretched to 15 um or longer (i.e.,
=90% of the contour length). Our data analysis allowed rapid
identification and selection of a population of stretched mol-
ecules that proved suitable for mapping. Due to stem-and-flower
considerations, in cases in which a target site was located within
1 ym of the termini (e.g., at 47.2 kb, Fig. 5A), only molecules >16
pm long were selected for analysis, which represented 10%-20%
of all X DNA molecules. Although the fluidic system required
high flow rates (>10pm/msec) to achieve stretching, a notewor-
thy feature of the system was the ability to simultaneously local-
ize single fluorophore tags along the backbone.

bisPNAs were used to tag sequence-specific sites within the x
genome. Although DLA analyzes individual DNA molecules,
traces of 50-5000 molecules were summed to obtain more reli-
able maps. This served to reduce false-negative and false-positive
signals resulting from imperfect labeling and detection of indi-
vidual molecules. Typically, about 1000 stretched molecules were
sufficient for a good quality map. Thus, even in cases in which
5000 total DNA molecules are observed to obtain traces of 1000
stretched molecules, it took only 1.4 min to obtain a reliable map
of the N genome at a typical velocity of 10 pym/msec. This time
also accounts for dilution needed to avoid overlapping, because
of which, DNA molecules were detected only 10% of the time.

By evaluating the bisPNA tagging of known sites within A
DNA, we were able to assess the resolution and accuracy of DLA
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for mapping. The minimal distances resolved in the presented
experiments were 10.3 and 8.5 kb, which were between 36.9 and
47.2 kb targets and between the middle of SEMM cluster at 24.5
kb and the target at 33.0 kb, respectively (Fig. 5). The resolution
of the system cannot be better than a peak width (Hecht and
Zajac 1979), which is about 5 kb for a single bisPNA site (e.g., Fig.
3D). The peak width is determined principally by molecule ve-
locity and detection frequency. At a typical velocity of 10 pm/
msec and detection frequency of 10 kHz, one data bin encom-
passes 1 pm or 3 kb of stretched DNA. Improvements in resolu-
tion could be attained by reducing molecule velocity, which
would reduce throughput, or by increasing sampling frequency,
which would require brighter fluorescent tags. Nonetheless, reso-
lution is fundamentally limited by the diffraction limit of optical
detection, which is 0.23 pm or 0.68 kb according to 0.61\/NA for
wavelength \ = 532 nm and a numeric aperture NA = 1.4 (Hecht
and Zajac 1979). Of note, two tags labeled with different colors
can be both detected, regardless of the separating distance. In this
simultaneous analysis, which is compatible with our current sys-
tem, the resolution is not limited by the peak widths because the
tags are detected simultaneously.

For mapping purposes, once tags are resolved, that is, lo-
cated >5 kb apart, the distance between them can be measured
with considerably greater accuracy using Gaussian interpola-
tions. This approach has been used to determine positions of
fluorophores with accuracy down to 10 nm (Lacoste et al. 2000).
In our case, the accuracy is determined not only by the number
of detected fluorophores, but also by reproducibility of stretching
and was £0.27 pm or =0.8 kb (Fig. 3D). To determine positions
of the tagged sites in the genome, the pattern of the detected tags
should be aligned on the DNA backbone profile. The accuracy of
this alignment was 0.4 ym or +1.2 kb, and resulted from an
offset between the red and green lasers. Thus, distances between
distant motif tags could be reproducibly measured at +0.8 kb,
and these tags could be localized on the DNA backbone with an
accuracy of =2 kb.

Two major strategies can be envisioned for mapping ge-
nomes using DLA, labeling a repeating motif and using the pat-
tern of the motif distribution along the DNA or labeling unique
site(s) within a genome. Herein, we demonstrated the applicabil-
ity of short bisPNAs for tagging sequence motifs as short as 8, or
even 7 bp. By determining the number and location of such
repeating motifs within a target DNA molecule, a highly infor-
mative and generally unique map can be obtained. Alternatively,
labeling of unique sites within a genome or DNA fragment can be
achieved, for example, with fluorescent conjugates of long runs
of single-strand DNA oligonucleotides (20 bp or longer) or DNA
mimics like PNAs (Nielsen and Egholm 1999) or LNAs (Braasch
and Corey 2001), which form more stable complexes, so the tar-
get sequences can be shorter.

Traditional gel-based restriction mapping provides high
resolution with high-density map information (Brown 1999).
However, unlike DLA, this technique does not directly provide
an ordered map of the restriction sites. Furthermore, because a
restriction map must be derived from independent measure-
ments of many fragments, the length measurement error accu-
mulates during reconstruction and therefore decreases the accu-
racy of determining the positions of restriction sites. Moreover,
in extreme cases, insufficient accuracy of fragment lengths can
result in incorrect reconstruction of maps (Thayer et al. 1999).
Mapping of genomes includes measurements of long DNA frag-
ments, which are analyzed with pulsed-field gel electrophoresis
(Ho and Monaco 1995). Its accuracy depends upon the fragment
size and is about =1 kb for 50-100-kb fragments (Birren and Lai
1993). The minimal amount of dsDNA that can be detected in a
gel with fluorescent staining is about 25 pg (Haugland 2002) or
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5*10° copies of 50-kb DNA, generally obligating one to an am-
plification step. Finally, restriction mapping to identify genomic
variations is inherently limited by the repertoire of available en-
zymes, and hence, the sites they target. Thus, traditional restric-
tion mapping is cumbersome, relatively time and cost expensive,
requires DNA amplification, and fails to provide haplotype in-
formation from diploid sources of DNA. Therefore, alternative
approaches would be valuable.

One such technique, optical mapping, can provide ordered
restriction maps from a small population of long individual DNA
molecules (Aston et al. 1999a,b). In this approach, long DNA is
stretched, usually by molecular combing, and bound to a treated
glass surface. DNA is then cleaved with a restriction endonucle-
ase, stained, and individual molecules are imaged using a high-
power fluorescence microscope. The restriction sites in the ex-
tended molecules appear as visible gaps. The most striking use of
this optical mapping technique was the genome mapping of the
pathogenic Escherichia coli strain O157:H7 (Lim et al. 2001), in
which DNA was randomly broken into fragments between 150
and 2900 kb. To construct a map, data from 840 fragments,
which were digested with Xhol and Nhel endonucleases, were
obtained. Fragment sizes were determined to an accuracy of
about 2.1 kb. The process from image acquisition to image analy-
sis and map making was automated.

As for every technique, optical mapping has its intrinsic
difficulties. For successful stretching and immobilization of DNA,
the glass surface must be modified to an optimal charge density,
depending on the size of DNA molecules to be stretched (Aston et
al. 1999a; Taylor et al. 2000). However, as this procedure is highly
variable, surfaces must be assessed after every preparation (Aston
et al. 1999a). The derivatized glass surfaces are labile and can be
stored in treatment solution for only a few weeks (Aston et al.
1999a). Moreover, DNA samples can undergo nonspecific pho-
tolysis catalyzed by DNA-bound intercalators (Akerman and
Tuite 1996). Finally, restriction endonucleases are less efficient
on immobilized DNA than on DNA in solution and may not
cleave all sites (Aston et al. 1999b).

DLA technology exhibits notable advantages over optical
mapping. First, in place of a derivatized surface, DNA is stretched
in a microfluidic chip, which can be manufactured in bulk and
deliver reproducible results. Because fluidic stretching of DNA
occurs on the fly and does not involve manual manipulation, it
has very high throughput. Photodamage of DNA is not relevant
in our case, because DNA relaxation time (Ladoux and Doyle
2000) is longer than the measurement time. Therefore, the trace
of a DNA backbone is uninterrupted regardless of photo-induced
nicks. Furthermore, we perform the tagging reaction in solution
rather than on immobilized DNA; hence, all targets are equally
accessible. In conclusion, Direct Linear Analysis of DNA repre-
sents a novel sequence-specific structural mapping technology
with broad applications in genomics, genetics, and other DNA
sequence- and structure-based research.

METHODS

Preparation and Characterization of Tagged
DNA Samples

N\ Phage DNA (accession #NC_001416) was purchased from Pro-
mega Corp. To evaluate admixtures of degraded DNA, the
samples were analyzed by pulsed-field gel electrophoresis (CHEF
Mapper, Bio-Rad). A ChemiGenius bioimaging system with
GeneSnap and GeneTools software (Syngene) was used for pho-
tometric analysis of the gels.

The procedure for X DNA tagging and for control of speci-
ficity and efficiency of the hybridization with electrophoretic band-
shift assay is described in detail in the Supplemental material.



Single-Molecule DNA Mapping

For DLA, DNA samples were stained with TOTO-3 (Molecu-
lar Probes) at the measurement concentration of 120 pg/uL. So-
lutions of DNA were incubated at room temperature for 2-4 h at
base pair to dye molar ratios between 10:1 and 5:1. On the one
hand, we wanted to have our DNA stained as close to saturation
as possible to have the dye evenly spaced along DNA backbone
(Larsson et al. 1994; Carlsson et al. 1995); the saturating ratio for
homologous YOYO-1 dye was estimated to be 4:1 bp per dye
molecules (Larsson et al. 1994). The even distribution was needed
for accurate determination of CM of DNA molecules. On the
other hand, we avoided staining of DNA at higher proportion of
the intercalator, because this decreased the number of detected
DNA molecules probably facilitating their adsorption onto the
internal chip surfaces and promoting DNA aggregation (see also
Akerman and Tuite 1996). Cyanine dyes are easily adsorbed out
of aqueous solutions onto surfaces (Haugland 2002); therefore,
the dissolved TOTO-3 moiety could be considerably depleted be-
cause of the adsorption onto the reaction vessel walls, and the
degree of DNA staining was even lower than calculated. Lower
than saturating amount of the dye also explains why the mea-
sured lengths of completely stretched DNA were similar to the
contour length of unstained molecules (16.5 pm for unstained
DNA). The contour length of X DNA saturated with intercalating
dye can be considerably longer than that of dye-free DNA. For
example, Perkins at al. (1995) observed up to 22 pym for A DNA
saturated with TOTO-1, a homologous cyanine dye. Similar ex-
tension was expected for A DNA saturated with TOTO-3 in our
experiments. However, only a minor proportion (<2%) of A DNA
molecules longer than 18 pm was detected in our experiments
(Fig. 2A). Another effect that can potentially impact in the ob-
served DNA length is incomplete stretching of the terminal re-
gions in the stem-and-flower conformation. However, this effect
did not contribute >0.9 pm, because the S tag at 47.2 kb (97.3%
of total DNA length) was found at the correct position.

Experimental Setup

The experimental setup was built around an Eclipse E800 fluo-
rescence microscope with a PlanApo 100 X objective lens (Nikon
Corp.). One diode-pumped solid-state laser (532 nm wavelength,
mod. #100GLS, QED) and two He-Ne ion lasers (633 nm, model
#31-2140-000, Coherent) were used. Each beam provided up to
20 mW at the excitation point. Optical filters and dichroic mir-
rors were obtained from Chroma Technology Corp. The micro-
scope was equipped with two V-IBS beamsplitter modules for
multicolor detection, one with a dichroic mirror to separate TMR
and TOTO-3 fluorescence, and another with a beamsplitter to
separate signals from the excitation spots ExII and ExIII (Fig. 1B).
The spectral band of detection in data channel 1 was centered at
590 nm and had a width of 50 nm. The centers and widths of
spectral bands were 665 nm and 50 nm, respectively, in data
channels 2 and 3. Fluorescence was delivered by optical-fiber to
photon-counting modules with avalanche photodiodes (SPCM-
AQR-12-FC, PerkinElmer Optoelectronics). Signals from all three
data channels were directed to a computer with a PCI-6602 in-
terface board (National Instruments). Custom software was used
for collecting and processing of the data. Data were collected at
10 kHz sampling frequency.

The microfluidic chip structures were etched in fused silica
by electron beam lithography and reactive ion etching (DuPont
Photomasks), diced and drilled by Ceramic Grinders, and sealed
by glass cover (0.15-mm thick) with KASIL-2130 (PQ Corp.). The
depth of the chip cavity was 1 ym. The distances between the
posts’ axes were 2.5 um, and the sides of the square posts were
1 pm.

The single molecule detection capability was assessed using
very diluted (1-100 pM) solutions of TMR (data channel 1) and
CyS (data channels 2 and 3) fluorophores (Eigen and Rigler
1994). Depending on flow velocity and excitation laser power,
between 10 and 150 photons were detected per single fluoro-
phore. The time width of detection of a single fluorophore never
exceeded a single bin, even at 20-kHz detection frequency (0.05
msec/bin). Background noise depends on the excitation intensity
and was between 6 and 30 counts per bin in our measurements.
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