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Single-molecule Visualization of Binding Modes of Helicase to DNA on PEGylated Surfaces
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Binding modes of helicase to various DNA substrates were
visualized by single-molecule fluorescence imaging on silicate
coverslips coated with poly(ethylene glycol) (PEG) which min-
imizes the background noise from nonspecific protein adsorp-
tion. The results clearly show that the helicase has higher affinity
for double-stranded DNA (dsDNA) with a single-stranded DNA
(ssDNA) tail than that without one and that multiple helicases
can bind to 4.7-kilonucleotide (knt) ssDNA. The study reported
here will enhance the capabilities of single-molecule fluores-
cence studies on DNA—protein interactions.

Helicases are nucleic acid-dependent motor enzymes that
couple nucleoside triphosphate binding and hydrolysis to trans-
location along single-stranded nucleic acids and unwinding of
duplex DNA or RNA. As a consequence, they play major roles
in almost every process in cells that involves nucleic acids, in-
cluding DNA replication and repair.! Escherichia coli UvrD is
a superfamily 1 DNA helicase which plays a crucial role in nu-
cleotide excision repair and methyl-directed mismatch repair.’
The enzyme unwinds a dsDNA from a 3’ end ssDNA tail, a
gap, or a nick and translocates along ssDNA in a 3'-5’ direction.
However, it has not been directly visualized how the enzyme
interacts with DNA.

In this study, we used single-molecule fluorescence micros-
copy to understand the binding modes of UvrD to DNA in more
detail. Single-molecule fluorescence imaging is a powerful
method to elucidate fundamental biological processes without
ensemble averaging.®> Visualization of biological functions by
single-molecule fluorescence techniques requires labeling of tar-
get biomolecules with a fluorophore, for example, chemical dyes
such as cyanine dye (Cy3 or CyS5), green fluorescent protein
(GFP), or quantum dot (Qdot). In particular, protein molecules,
which play central roles in many biological functions, are the
prime targets for fluorescence labeling in order to visualize their
dynamics.

This observation requires suppression of the background
noise arising from nonspecific adsorption of the fluorescently
labeled molecules on the glass substrate, which is usually per-
formed by a widely used PEG coating method, i.e., silanization
followed by PEGylation.* We could further suppress the nonspe-
cific adsorption by up to an order of magnitude on the silicate
surface by using 50 mM MOPS (pH 7.5) for PEGylation instead
of widely used 0.1 M sodium bicarbonate (pH 8.3) (see Table 1).

Table 1. Protein-nonadsorption capability on a silicate coverslip

PEG PEG No treatment
(pH 7.5) (pH 8.3)
Mean number of UvrD non- 39 39 1.6 x 10°
specifically adsorbed® +1.4 +4 +0.5 x 10°
/nM /1000 pm? 30)° 9)° Q1P
Ratio to the number for PEG 1 10 4.1 x 10?

4The mean numbers of Cy5-UvrD nonspecifically adsorbed per
1000 um? are normalized by the UvrD concentrations (nM) used
for the experiments. "Values in parentheses are mean + standard
deviation (n).

This is crucial since silicate coverslips are extensively used for
single-molecule fluorescence microscopy with epi-illumina-
tion,’ highly inclined thin illumination® and total internal reflec-
tion fluorescence’ microscopies (sometimes combined with
other techniques such as optical tweezers®). The improvement
in nonspecific adsorption using the new buffer condition for
PEGylation was also observed on quartz, though to a lesser
extent and with a Qdot-labeled protein (see Supplementary
tables).!> The key issue determining the nonadsorption proper-
ties of PEG-coated glass surfaces is their coverage by the poly-
mer, which, we believe, is improved with the current method.
PEG coating at pH 7.5 may be enhanced with respect to coating
at higher pH owing to better stability of the NHS ester. Its life-
time is in the order of hours at physiological pH and decreases
steeply at higher pH owing to increased hydrolysis.” The results
indicate that our PEGylation method facilitates direct visual-
ization of single-molecule interactions between fluorescently
labeled protein molecules and DNA.

Indeed we could visualize how Cy5-UvrD interacts with a
18-bp dsDNA with or without an ssDNA tail immobilized on
PEG-coated surfaces (for experimental details see Supporting
Information).!3 Figure 1 shows a comparison of the number of
Cy5-UvrD fluorescent spots observed. The comparison and
fluorescence images clearly show that nonspecific adsorption
of Cy5-UvrD on the surface was effectively suppressed enough
to conclude that Cy5-UvrD has higher affinity for the dsDNA
with an ssDNA tail than that without one, in agreement with a
previous report.'?

With the microscopy, we could compare the number of
UvrD molecules bound to 18-nt ssDNA, 4.7-kbp dsDNA and
4.7-knt ssDNA immobilized on a PEG-coated silicate coverslip
(for experimental details see Supporting Information'®). Figure 2
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Figure 1. Comparison of the numbers of Cy5-UvrD interacting
with 18-bp dsDNA with or without an ssDNA tail immobilized
on a PEG-coated silicate coverslip. Below are the single-molecule
fluorescence images. The Cy5-UvrD concentration used was
2nM. Scale bar, 10 um.
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Figure 2. Comparison of fluorescence intensity distributions of
Cy5-UvrD bound to (a) 18-nt ssDNA, (b) 4.7-kbp dsDNA, or (c)
4.7-knt ssDNA immobilized on a PEG-coated silicate coverslip.
The insets are the single-molecule fluorescence images. The
Cy5-UvrD concentration used was 2nM. Scale bar, 10 um.

shows a comparison of fluorescence intensity distributions of
Cy5-UvrD bound to (a) 18-nt ssDNA, (b) 4.7-kbp dsDNA, or
(c) 4.7-knt ssDNA. In agreement with the results in Figure 1,
Cy5-UvrD had low affinity for dsDNA and thus the fluorescence
intensity distribution for 4.7-kbp dsDNA peaked at a fluores-
cence intensity which corresponds to that of single Cy5-UvrD,
which was validated by the observation that most of the fluores-
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cent spots photobleached in a single step. This was also the
case with the experiment using 18-nt ssDNA. For the experiment
using 4.7-knt ssDNA, the fluorescence intensity distribution
shifted to a larger value, indicating that multiple Cy5-UvrD
attached to the ssDNA.

Direct visualization of single helicases interacting with var-
ious DNA substrates in this study unveiled the binding modes of
the helicase to DNA. In particular, the interaction with ssDNA
has not been well understood not only by biochemical studies
but also other single-molecule techniques such as single-mole-
cule fluorescence resonance energy transfer (FRET)>!! and sin-
gle-molecule manipulation'? because the interaction does not
induce enough change of DNA physical properties to be detected
by the techniques. Thus, the study reported here will promote
our understanding of features of helicases that unwind dsDNA
and translocate along ssDNA and also enhance the capabilities
of single-molecule fluorescence studies on DNA—protein inter-
actions.
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