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Abstract:

For over 25 years, imaging of DNA by atomic force microscopy (AFM) has been intensely
pursued. Ideally, such images are then used to probe the physical properties of DNA and
characterize protein-DNA interactions. The atomic flatness of mica makes it the preferred substrate
for high signal-to-noise ratio (SNR) imaging, but the negative charge of mica and DNA hinders
deposition. Traditional methods for imaging DNA and protein-DNA complexes in liquid have
drawbacks: DNA conformations with an anomalous persistence length (p), low SNR, and/or ionic
deposition conditions detrimental to preserving protein-DNA interactions. Here, we developed a
process to bind DNA to mica in a buffer containing both MgCl» and KCl that resulted in high SNR
images of equilibrated DNA in liquid. Achieving an equilibrated 2D configuration (i.e., p = 50
nm) not only implied a minimally perturbative binding process, it also improved data quality and
quantity because the DNA’s configuration was more extended. In comparison to a purely NiCl,-
based protocol, we showed that an eight-fold larger fraction (90%) of 680-nm-long DNA
molecules could be quantified. High-resolution images of select equilibrated molecules revealed
the right-handed structure of DNA with a helical pitch of 3.5 nm. Deposition and imaging of DNA
was achieved over a wide range of monovalent and divalent ionic conditions, including a buffer
containing 50 mM KCl and 3 mM MgCl. Finally, we imaged two protein-DNA complexes using
this protocol: a restriction enzyme bound to DNA and a small three-nucleosome array. We expect
such deposition of protein-DNA complexes at biochemically relevant ionic conditions will

facilitate biophysical insights derived from imaging diverse protein-DNA complexes.
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Atomic force microscopy (AFM) is widely used to image and thereby characterize the properties
of DNA and diverse proteins bound to DNA, including RNA polymerase, restriction enzymes, and
nucleosomes.!!® Biophysical insights arise by acquiring images with a high signal-to-noise ratio
(SNR) and rely upon preserving the native properties of protein—nucleic-acid complexes that can
vary strongly with ionic conditions. Tapping-mode imaging in liquid rapidly emerged as the
imaging modality of choice as it minimizes the lateral forces that can damage or disrupt fragile
biological samples.!” Unfortunately, a complementary and consensus method for preparing DNA
and protein-DNA samples has yet to emerge. For instance, current protocols for imaging DNA in
liquid capture DNA in compact, mechanically unequilibrated conformations that hinder analysis
and interpretation. An ideal protocol would be rapid, preserve the native properties of the DNA
and protein-DNA interaction in liquid, and yield high SNR images. Because of the lack of such an
accessible protocol, protein-DNA complexes are still often imaged in air after rinsing them in

18-20

ultrapure water, a distinctly non-physiological protocol.

Mica is the preferred substrate for high SNR images due to the simplicity of generating clean,
atomically flat substrates. For imaging in liquid, two main strategies have emerged to bind
negatively charged DNA to negatively charged mica: mica derivatized with a positively charged

22.23 where Ni?" ions have been preferred over Mg?* due to stronger

silane?! and Ni**-treated mica,
binding of the DNA to mica that facilitates imaging.?> However, each technique presents important
drawbacks. For instance, condensation and/or clumping of DNA can occur on silanized mica in
the presence of divalent cations.?* For Ni**-treated mica, it has been difficult to deposit and image
DNA when monovalent cations are present.>>’ Yet, numerous ensemble protein-DNA assays
contain both MgCl> and a monovalent salt (e.g., KCl or NaCl). Hence, to minimally perturb
protein-DNA complexes, one should deposit them in a buffer containing both MgCl, and KCI and

image in liquid, a difficult regime for AFM studies.

The benefits of silanized mica, including those prepared with silatranes,?® are that they bind
DNA under a relatively broad range of buffer conditions.!*>*’ Two drawbacks of silanized mica are
(7) the time needed to prepare silanized surfaces, and (i7) the reduced SNR of the images due to

higher surface roughness, a drawback that is partially mitigated when using a more time-intensive



sample preparation process.'>?!** A notable recent application of silanized mica in liquid'> was
successfully deducing the correct persistence of DNA (p = 50 nm),?! indicating such images can
yield the native backbone stiffness of DNA. To do so, however, the authors needed to apply a 3D
worm-like chain (WLC) model to analyze select 2D conformations of DNA. This analysis
indicates the DNA was rapidly absorbed and thereby adopted a “kinetically trapped” polymer
configuration.”!>? If a 2D WLC model is used to analyze the fraction of interpretable
conformations, then the derived p is = 25 nm, well below the consensus value of p. As expected
for such a low apparent p, kinetically trapped DNA molecules have a more compact configuration
and thereby an increased number of multiple strand crossings that hinder analysis (Figure 1A, red).
In contrast, if the deposition process achieves an “equilibrated” 2D WLC configuration, the
conformations are more extended (Figure 1A, green) and thus a higher percentage of
conformations that contain zero or one strand crossings. Quantitatively, a DNA molecule is defined
as equilibrated if analysis of its 2D conformation with a 2D WLC model yields the correct of value
of p, a definition consistent with prior DNA imaging studies.!>*? Such equilibration is distinct
from other studies that have observed real-time adsorption and desorption of local segments of

DNA from bare mica in liquid.*?

In Ni**-treated mica, the interstitial K* ions at the surface of the mica lattice are ion exchanged
with Ni?', yielding a positively charged surface.>>* The DNA is typically deposited in the
presence of ~1-20 mM NiCl,.?23435 The benefits of Ni**-treated mica are that it yields a higher
SNR and requires less preparation time than silanized mica. There are, however, drawbacks:! (i)
the resulting DNA configurations are kinetically trapped, when imaging in liquid;* (ii) non-
physiological ionic conditions (NiCl, with little or no monovalent cations) are required to achieve

sufficiently tightly bound DNA that in turn yields interpretable images;!*2>%

and (iii) extensive
tuning of buffer conditions.?>?>* For completeness, as noted above, a popular protocol deposits
protein-DNA complexes onto Ni**-treated mica followed by rinsing with ultrapure water and then
imaging in air.>>*"3 While such a protocol has achieved equilibrated DNA when imaging in air,*
we avoided this class of protocols to preserve native protein-DNA interactions. Moreover, a recent
study shows partial conversion of DNA’s structure from the traditional B-form to A-form when

bound to Ni*" treated mica in air.?* Summarizing, the consensus in the field is that stable DNA
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imaging on Ni**-treated mica requires a narrow window of ionic conditions (e.g., Ni?* cations in

the absence of monovalent cations).'*?>3

Here, our goal was to develop a simple and reproducible protocol for acquiring high SNR
images of equilibrated DNA in liquid when deposited at biochemically relevant ionic conditions
(e.g., 10 mM MgCl, + 25 mM KCIl). Our protocol was not based on a single modification to an
established deposition scheme, but instead on a set of changes including pre-incubating the mica
with 100 mM NiCl,, gentle rinsing, and never dewetting the sample. For increased robustness
during imaging, we subsequently exchanged an equimolar concentration of NiCl, for MgCl..
Analysis of the resulting DNA configurations yielded the correct persistence length (= 50 nm)
when using a 2D WLC model and did so over a wide variety of monovalent salt concentrations.
These equilibrated configurations were more extended (Figure 1B) than when 10 mM NiClh
replaced the 10 mM MgCl; in the deposition buffer (Figure 1C) or the DNA was deposited onto
silanized mica (Figure 1D). Importantly, our protocol used only standard, commercially available
reagents, took ~5 min, and worked over a range of DNA substrate lengths (300-2,000 bp) and in
a standard commercial AFM. Unexpectedly, divalent cations in the imaging buffer were not
required; we successfully imaged DNA on mica pre-incubated with 100 mM NiCl, when using an
imaging buffer containing only monovalent ions albeit at some loss in data throughput and a
reduction in p (35 nm). Biophysical applicability was demonstrated by imaging two protein-DNA

complexes, a restriction enzyme bound to DNA and a small nucleosome array.
RESULTS AND DISCUSSION

We first present the final protocol, then discuss the process of achieving this protocol and how it
generalizes to an unexpectedly broad range of ionic conditions for deposition and imaging, and
finish by imaging a pair of protein-DNA complexes. In developing our protocol, we used two
primary metrics: yield and persistence length. Yield was defined as the ratio of DNA
configurations containing zero or one strand crossing divided by the number of total molecules
fully contained within a set of images; such configurations facilitate analysis and the effect of
proteins on the DNA conformation. Persistence length was determined from the 2D WLC model

by analyzing the average tangent angle as a function of arc length along the DNA for molecules
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displaying zero or one crossing (Figure S1).>>*Achieving a persistence length of = 50 nm—in

15,40,41

agreement with ensemble’! and single-molecule force-spectroscopy studies—would

therefore reflect DNA bound to the mica in an equilibrated state (see Methods).

Rapid and biochemically relevant DNA deposition protocol. Our final protocol consisted of
three main steps (Figure 2). In the first step, we placed a 20-ul drop of unbuffered 100 mM NiCl;
onto freshly cleaved mica for 1 min followed by rinsing with ultrapure water and drying by
touching the mica surface with filter paper. Importantly, this step— before depositing any DNA
or protein-DNA complexes—was the only time the surface was dried and indeed the method of
drying affected the final outcome (Figure S2). In the second step, we deposited a 20-ul drop of
dilute DNA in Deposition Buffer [10 mM MgCl,, 25 mM KCI, 10 mM HEPES (pH7.5)] onto the
mica for 2 s before gently rinsing with 9 ml of Deposition Buffer (see Methods for details).
Successful imaging of the DNA after such extensive rinsing demonstrated that DNA stayed
attached to the Ni**-treated mica in the presence of 10 mM MgCl. Finally, in the third step, we
rinsed the mica with Imaging Buffer [10 mM NiCl,, 25 mM KCI, 10 mM HEPES (pH7.5)] where
the NiClz-containing buffer trapped the equilibrated state of the DNA bound to the mica by
increasing the DNA-mica interaction strength. This entire process starting from cleaving the mica

to loading the sample into the AFM typically took ~5 min.

Improved protocol relies upon a series of refinements. Our final protocol evolved via a series
of modifications that collectively were critical to achieving high yield while minimizing the
influence of the substrate on the nanomechanics of the DNA, as evidenced by the deposited DNA
adopting extended conformations with the correct persistence length. For conciseness, a subset of
the deposition conditions tested are shown in Figure 3 to illustrate sequential improvement. Figure
3A shows representative images of the DNA configurations at select steps along this evolution
accompanied by a summary of the deposition conditions at each step. The change in the conditions
between the steps is highlighted in blue. Figures 3B and 3C report the yield and average persistence
length of analyzed molecules. We note that these data (images, yield, and persistence length) were
representative of our results at each step, not necessarily the best achieved. We did not optimize

intermediate steps along the process but rather looked for a set of conditions that led to a simple



and robust deposition protocol at biochemically relevant conditions. In total, over 2,500 molecules

were analyzed in this work when including the Supporting Information.

The starting point for our modifications featured ionic conditions typical of Ni**-treated mica
protocol (10 mM NiCl in the pre-treatment, deposition, and imaging buffers with a 2 mL rinse).
As expected, these conditions resulted in a high proportion of kinetically trapped molecules that
led to a low yield and persistence length (Figure 3A, Step 1). By increasing the concentration of
NiCl: used to pre-treat the mica, we marginally increased the yield (Figure 3A, Step 2). Perhaps
more importantly, we observed that the uniformity of the DNA on the surface dramatically
increased (Figure S3), presumably because the higher NiCl, concentration overcame the
previously described patchiness of Ni>* on mica when incubating at 15 mM NiCl..>* [Note,
uniformly charged Ni**-treated mica may be broadly useful in a variety of AFM applications. As

a proof of principle, we imaged the 2D lattice of bacteriorhodopsin (Figure S4)].

Next, we replaced the NiCl; in the deposition and imaging buffers with MgCl., which led to a
fraction of the DNA molecules exhibiting the correct persistence length (Figure 3A, Step 3).
However, the fraction of molecules exhibiting that equilibrated confirmation was low due, in part,
to the weak DNA-mica interaction. In other words, these initial imaging experiments with only
MgCl in solution featured well-equilibrated DNA, but the DNA was too weakly bound for reliable
tapping-mode imaging. We note that this intermediate finding is consistent with previous studies
in air’? and liquid,?? though our final protocol does allow us to deposit and image in buffer
containing MgCl, and KCI but, notably, no NiCl. In other words, NiCl; in the final buffer is not
necessary but improves data quality by binding the DNA more strongly to the surface (Figure S5);
successful imaging in NiClz is therefore less stringent in its requirement of gentle imaging

conditions (e.g., low-amplitude tapping, see Methods for details).

We next combined the merits of depositing in MgCl, (to facilitate DNA equilibration) with
imaging in NiCl, (for more robust imaging)(Figure 3A, Step 4). A useful analogy may be found
in film photography, where an image is first developed before it is fixed or stabilized. In this
analogy, the surface-bound DNA is the image, MgCl:-based equilibration is the development

process, and the NiCl-based imaging buffer is the fixing procedure. We continued to refine our
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deposition process to enhance the yield of molecules showing only one or zero strand crossings by
reducing the deposition time and increasing the DNA deposition concentration (Figure 3A, Step
5). Although the underlying mechanism for this improvement is unclear, it was experimentally
reproducible across multiple samples on multiple days. Finally, we found that extensive (9 mL),
but gentle, rinsing improved the equilibration of the DNA onto the mica (Figure 3A, Steps 67,
see also Figure 2, Step 3). Introducing a small tilt during the extensive rinsing further improved
yield, presumably because it helped avoid accidental dewetting (Figure S6) and the resulting high
forces generated by a receding meniscus on a surface-bound DNA [i.e., molecular combing (F >

65 pN)] .42,43

High yield of equilibrated DNA on mica in liquid. By analyzing images acquired with our final
protocol, we quantified the yield and the persistence length. The yield was 90% when imaging
680-nm-long DNA molecules [N = 142], an 8-fold improvement over depositing the DNA under
identical DNA concentration and total ionic strength but substituting 10 mM NiCl; for the 10 mM
MgCl; and rinsing with 2 mL of buffer (V= 116). Analysis of the DNA images yielded an average
persistence length of 46.8 + 0.6 nm (mean =+ fitting error; N = 126)]. (Figure 3C; Figure S1),
demonstrating the analyzed molecules had adopted a 2D equilibrated configuration on the mica.
Indeed, of those molecules that contributed to the 90% yield, about 20% contained a looped
configuration, consistent with expectations from a simple simulation that did not account for
excluded volume effects (Figure S7). As a cross check, we deduced p from the distribution of end-
to-end distances as a function of arc length, yielding p = 45 + 4 nm [mean = fitting error (Figure
S8)] in quantitative agreement with p derived from the tangent vectors analysis. Finally, we note
that the values for persistence and contour lengths obtained from human-annotation (see
Supporting Information) were consistent with the values obtain using an automated analysis

routine (Figure S9).44

High-precision measurements of DNA conformation. To quantify the SNR of the resulting
images, we first measured the height of the DNA bound to mica using a metric based on the
maximum height of each pixel along the spline defined along the full contour length of each

molecule, rather than a single line or set of line scans per molecule (Figure S10A-B). The results



yielded 2.0 = 0.3 nm [mean £ Std. Dev.; Nmotecules = 100 (Figure S10C)] in quantitative agreement
with the DNA’s width (2.0 nm).* Such agreement reflects the gentle imaging conditions, akin to
earlier results that measured a height of 1.9 + 0.2 nm when using peak-force tapping set to 40 pN,?’
with the advantage that the tapping-mode imaging used here leads to higher image acquisition
rates. To quantify the noise, we measured the average surface roughness of bare mica, Ni**-treated
mica, and ATPES-coated mica (Figure S11), yielding 1.14 £ 0.07 A, 1.95+0.06 A and 4.3 + 0.2
A (mean + Std. Dev.), respectively. Hence, we have measured the correct height for DNA and at

a SNR of 10, a high SNR compared to traditional AFM imaging of DNA.?’

To illustrate the quality of the resulting images, we show a gallery of representative DNA
configurations (Figure 4A). The average persistence length for the six molecules shown is 50.8 +
0.9 nm (mean + SEM), similar to the persistence length determined for all molecules analyzed
using the deposition protocol depicted in Figure 2. High-resolution scans of select segments of
individual molecules revealed the right-handed helical structure of DNA (Figure 4B). The helical
pitch of DNA has been previously resolved in liquid®’#® with clearer images recently achieved
when using frequency-modulated AFM.*”*® Here, using tapping-mode imaging, we quantified the
helical pitch of equilibrated DNA to be 3.51 + 0.04 nm (mean + SEM) (Figure S12) based on 15
images from 4 different molecules and 3 different cantilevers. Our result agrees with ensemble
enzyme digestion studies that report a helical pitch of 3.6 nm.*’ This high-resolution study was
facilitated by using a cantilever featuring a sharper tip radius [7nom = 2 nm (Bruker SNL-10A)]
than used in the rest of the paper [7mom = 8 nm (Olympus BioLever Mini)] and by having the fast-
scan axis parallel to the DNA axis. Approximately, one out of every three of these sharper

cantilevers resolved the helical pitch of select DNA segments.

Quantification of the DNA’s contour length agreed within 1% of the expected length (Figure
S13), when using the standard rise per base pair for B-form DNA (0.34 nm/bp). [Note, as a counter
example, DNA imaged in air on mica had a 20% reduction in contour length after depositing in
MgCl consistent with the DNA adopting a partial A-form structure, as confirmed by spectroscopic
&

studies.]” Successful application of our protocol was not restricted to relatively long DNA, but

also worked well for 300-bp long DNA (Figure S14). Summarizing, we measured the correct



physical properties of DNA (persistence length, rise per base pair, width, and helical pitch) when

imaging in liquid.

Depositing and imaging DNA under biochemically relevant ionic conditions. Our deposition
protocol performed well across a wide range of monovalent and divalent combinations. For
example, as the concentration of KCl in the deposition buffer was varied from 0 to 75 mM at fixed
MgCl> concentration (10 mM), the yield and the persistence length remained essentially
unchanged (Figure 5A—B), indicating the DNA continued to adopt an equilibrated conformation.
A global fit to the dependence of p as a function of monovalent ionic strength® yielded 49.6 + 0.4
nm (mean + fitting error) (Figure S15), again consistent with an equilibrated 2D conformation.
Equally important, the quality of the resulting images remained high (Figure 5C). At the highest
KClI concentration tested (225 mM), the yield remained high but the persistence length decreased
to ~35 nm (Figure 5A-B). At the higher KCI concentrations (> 75 mM), there were also some

small surface artifacts (several nm wide by 1 nm tall), presumably salt crystals.

Unexpectedly, we could deposit and image in 3 mM MgCl, and 50 mM KCI (Figures S5), ionic
conditions typical of many protein-DNA assays. As expected the persistence length remained
approximately unchanged (~ 55 nm), but there was a reduction in yield to ~60% and successful
imaging required gentle imaging conditions. We could also reduce or eliminate the divalent salt in
the deposition and imaging buffers (MgCl> and NiCly, respectively) after pre-treating the mica
with 100 mM NiCl. In the absence of any divalent cations, the yield was reduced from ~90% to
~50% and p decreased to ~35 nm, but the configuration of individual molecules remained well
resolved (Figure S16). Overall, the robustness of our protocol to variations in KCI and divalent ion
concentrations show that our methodology produced high-quality images of DNA deposited on
Ni**-treated mica over a wide range of monovalent and divalent salt concentrations, a regime that
was previously thought inaccessible. That said, it remains critical to deposit with MgCl, [or CaCl,
(see below)] in lieu of NiCl; to equilibrate the DNA on the mica. Replacing MgCl, with NiCl; in
our deposition buffer while keeping the rest of the final protocol the same led to kinetically trapped

molecular configurations (p =~ 25 nm) (Figure S17), recapitulating earlier results.>?

10



Imaging protein-DNA complexes in liquid. To demonstrate the broader applicability of our
protocol, we next imaged two protein-DNA complexes: a restriction enzyme bound to DNA and a
three-nucleosome array (Figure 6). Restriction enzymes, which cleave DNA at specific sequences,
have been repeatedly studied by AFM.3!151-53 BspMI is a type IIs restriction enzyme that binds to
the sequence 5'-ACCTGC-3' and cleaves down stream of this recognition site. Cleavage occurs
efficiently when BspMI binds to and bridges two recognition sites.>* Like many restriction
enzymes, BspMI can bind its recognition site without cleaving if Mg?* is replaced by Ca**. Hence,
to image BspMI bound to uncleaved DNA, we developed a 650-nm-long DNA with a single
recognition site at its center and replaced MgCl, with CaCl; in our deposition buffer (see Methods
for details). With these modifications, we acquired high-SNR images of BspMI bound to DNA in
liquid (Figure 6A—B). As expected, BspMI bound to the center of individual DNA molecules. In
addition, we observed DNA dimers formed by BspMI complexes bridging two separate DNA
molecules (Figure 6C). This behavior is well established in ensemble studies.>* More recently,
AFM studies in air showed BspMI complexes bridging two separate binding sites after rinsing
with ultrapure water.'® Here, we can now visualize DNA bridging by BspMI imaged in liquid and
do so with significantly higher SNR than the prior results in air. In addition, this result validates
Ca”' as an alternative divalent cation, as it also produced equilibrated DNA (p = 52 nm). Finally,
building upon earlier AFM studies characterizing un-crosslinked nucleosomes in liquid,>~¢ we
imaged nucleosomes bound to three high-affinity binding sites embedded in a 621-bp long DNA
(Figure 6D).>” Hence, the robustness and flexibility of our method permitted high-SNR imaging

in liquid of a variety protein-nucleic acid complexes.

CONCLUSIONS

In summary, we deposited and imaged DNA in an equilibrated conformation on mica in liquid,
implying a gentle deposition process. Equilibrated conformations were more extended and
therefore easier to analyze when determining the DNA’s configuration and the effect of proteins
on that configuration. Importantly, we used a deposition buffer that contained both MgCl, and
KCl, ionic conditions conducive to preserving native protein-DNA interactions. This success was

not based on a single modification to an established protocol, but a set of changes including pre-
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incubating the mica with 100 mM NiCl,, drying with a filter paper, gentle rinsing, and never
dewetting the sample. Imaging using such Ni**-treated mica yielded images with high SNR. To
demonstrate the utility of this protocol, we imaged two protein-DNA complexes: a restriction
enzyme bound to DNA and a nucleosome array. Looking forward, we speculate that the
unexpectedly wide range of ionic conditions that yielded such images enables tuning the binding
strength of the DNA to the surface, akin to earlier studies,*® but in buffers containing both MgCl,
and KCI. Such tuning, in turn, should facilitate studying the dynamics of protein-DNA complexes
by AFM, in general, and by high-speed AFM, in particular,’®>® at higher SNR coupled with
conditions that preserve native protein-DNA interactions. Finally, our success in imaging protein-
DNA complexes should immediately translate to the AFM studies of DNA origami and their

applications.
METHODS

DNA samples. We purchased 300 and 2,000 base pairs (bp) DNA constructs that were HPLC
purified (Fisher SM1621, SM1701). These DNAs were diluted to 50 ng/uL in TE Buffer [10 mM
Tris-HCI (pH 8.0), | mM EDTA] and 20-uL aliquots were flash frozen and stored at -20 °C.
Individual aliquots were thawed to room temperature and then stored at 4 °C for at most one week.
For the BspMI assay, we developed a DNA construct from A bacteriophage (NEB N3011S) by
amplifying from position 9,887 to 11,785. This PCR-amplified 1,899 bp (= 650 nm) segment was
chosen to position the BspMI recognition sequence (5'-ACCTGC-3") at the center of the resulting
PCR product. After the DNA was purified via an agarose gel, the agarose was removed (Bio-Rad
7326165), the DNA was concentrated (Millipore UFC501024), and purified a final time (Qiaquick
28106) before elution into TE Buffer. The final DNA was diluted down to 180 nM in TE Buffer,

aliquoted, and flash frozen.

DNA deposition protocol. We deposited the DNA as outlined in the text and illustrated in Figure
2. More specifically, we diluted the aliquoted DNA to 20 nM (for 2,000-bp DNA) or 80 nM (for
300-bp DNA) in our Base Buffer [10 mM HEPES (pH 7.5), 25 mM KCIl] using KOH to adjust the
pH. A higher concentration of smaller DNA was used to increase the number of molecules per

image. We then cleaved 10-mm diameter mica (Ted Pella, 50) affixed to a metal puck (Ted Pella,
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16218). We next placed a 20-ul drop of unbuffered 100 mM NiCl, (Sigma 654507) onto the freshly
cleaved mica for 1 min followed by rinsing with 50 mL of ultra-pure water (18.2 MQ, Barnstead
GenPure Pro). The mica was then quickly dried by touching filter paper (Whatman 1002-042) to
the center of the water droplet on the mica, and completely drying the surface. This step was the
only time where the surface was allowed to partially or completely dewet. Immediately after
drying, we deposited 20 pL of DNA in Deposition Buffer [ 10 mM HEPES (pH 7.5), 10 mM MgCl
+ 25 mM KCI] where the concentration of the DNA was 1 nM for the 2,000-bp construct or 4 nM
for the 300-bp construct. After 2 s, we gently rinsed the surface with ~1 mL of Deposition Buffer,
tilted the surface to about 10°, and then gently rinsed with an additional 8 mL of Deposition Buffer.
Care was taken during rinsing to avoid exposing any part of the surface to air or forces from a
water droplet overcoming meniscus forces and/or rapidly flowing off of the side of the mica, which
could perturb the sample and may cause salt to precipitate out of solution onto the surface. Finally,
the surface was gently rinsed with 2 mL of Imaging Buffer [10 mM HEPES (pH 7.5), 10 mM
NiClz +25 mM KCI]. Note, during deposition and rinsing, solutions were kept at room temperature
(19 °C for the room containing our AFM). At all other times, the reagents were kept at 4 °C.
Buffers were re-made each day from concentrated, 0.2-um filtered stocks. For completeness, we
note that we unexpectedly found that NiCl, solution made from seven-month-old NiCl, powder
yielded poor results in comparison to a freshly purchased stock of NiCl or a seven-month-old 1

M stock solution NiCl, (Figure S18).

The ‘NiCl, + KCI’ protocol shown in Figure 1 and Figure 3 was prepared as above, except
using a 10 mM NiCl, pre-treatment, and Imaging Buffer during deposition, rinsing, and imaging.
Moreover, we only rinsed with 2 mL of Imaging Buffer, and omitted additional tilting and rinsing
to better match more traditional NiCl, deposition conditions. The sample was dried using a filter
paper as described above. To study DNA deposition on APTES-modified mica, we used our
standard protocol, except substituting 0.1% APTES dissolved in water for 100 mM NiCl,, and
rinsing and imaging in the absence of divalent salt (i.e., Base Buffer), as is typical with APTES-

coated mica.>* Before DNA deposition, the APTES-treated sample was also dried using a filter

paper.
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Depositing protein-DNA complexes. Importantly, we did not need to alter our deposition
protocol for imaging protein-DNA complexes. The tri-nucleosome array was a gift of Anne
Gooding and Tom Cech and based on published work from the Cech lab.*” For depositing the tri-
nucleosomes, we diluted them in Deposition Buffer to the same concentration used with the 300-

bp DNA. The rest of the process, including deposition time, remained unchanged.

For the restriction-enzyme assay, we incubated 650-nm-long DNA at 20 nM with 40-fold
diluted BspMI (New England BioLabs, R0502s, 50 units/mL incubation concentration) and 10
mM HEPES (pH 7.5), 10 mM CaCl; + 25 mM KCI as the buffer. After letting the enzyme and
DNA incubate for 30 min at 30 °C, the deposition proceeded as described above, except with the
MgCl: replaced by CaCl.. Replacement of MgCl, with CaCl, allowed for site-specific binding but
without cleavage (Figure 6A—C). When the same process was repeated in our standard Deposition
Buffer, the DNA was cleaved due to the expected activity of BSP-MI in the presence of MgCl,

(data not shown).

AFM imaging. We imaged all samples on a commercial AFM (Cypher ES, Asylum Research)
featuring a temperature-controlled, closed-fluidic sample holder. Sample temperature was held at
19 °C. All images, except high-resolution images of the double helix, were obtained using an
Olympus BioLever Mini (7nom = 8 nm; ktyp = 90 pN/nm) with a 25-kHz resonance in liquid. For
imaging the double helix, we used a Bruker SNL-10A (7nom = 2 nm; kiyp = 350 pN/nm), which had

a 16-kHz resonance in liquid.

Prior to imaging, we let the sample and cantilever settle for at least 30 min. All images were
obtained in tapping mode with a typical set point amplitude of about 2 nm and a free amplitude of
150% of the set point. We chose the drive frequency as the closest peak of the drive transfer
function to the thermal resonance when measured ~ 1 pum above the surface. All data presented in
this paper used 2x2 pm? images with 512 pixels acquired at a 2-Hz scanning rate, except those of
the double helix (Figures 4B & S12), images with protein-DNA complexes (Figure 6), and
bacteriorhodopsin (Figure S4). The images of the double helix were taken with the same
parameters, except the following changes: set point amplitude (~ 0.5-1 nm), free amplitude (~

0.7-1.5 nm), and image size (20-100 nm). The images of bacteriorhodopsin or protein bound to
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DNA used similar imaging parameters to the double helix, except the image size varied as follows:
~ 25 nm for bacteriorhodopsin, ~ 200 nm for the trinucleosomes, and ~ 600 nm for BspMI. The
double helix images were taken with the fast-scan axis along the axis of the DNA to improve

resolution by reducing low-frequency noise between line scans and tip-convolution artifacts.

Surface roughness of bare and treated mica. To quantify the difference in surface roughness
between Ni*'-treated mica and our APTES-coated mica, we created mica surfaces without
adsorbed DNA and thereby measured the noise floor of our AFM measurement system in liquid
as a function of surface treatment. The NiCl, and APTES test surfaces were prepared as described
above, except omitting DNA in any of the buffers. As a control, we used unmodified mica that
was rinsed and imaged in Base Buffer. All measurements that quantified the noise were obtained
in the appropriate imaging buffers with the same individual cantilever on the same day. Other
imaging parameters were consistent with the DNA experiments as discussed above, and we
analyzed 3 images at each condition. As shown in Figure S11, bare mica showed the lowest surface
roughness as measured by the standard deviation of the height [0.74 £ 0.03 A (mean = Std. Dev.)],
with a measurable increase due to Ni**-treatment (1.18 £ 0.03 A). As expected, the noise floor on

APTES-coated mica was significantly higher (2.5 £ 0.1 A).

Imaging bacteriorhodopsin. To see if Ni**-treated mica might be useful in other AFM
applications, we imaged bacteriorhodopsin embedded in its native lipid bilayer, the prototypical
protein for AFM studies of membrane proteins.’® In initial experiments using standard
bacteriorhodopsin imaging conditions (10 mM TrisHCI (pH 7.8), 150 mM KCI),%° we resolved
voids in the trimer lattice. Note, this proof-of-principle experiment was not optimized for image
quality (Figure S4). Rather, we just wanted to demonstrate that the benefits of Ni**-treated mica

were not limited to protein-DNA complexes.

Image analysis. We analyzed all AFM images of DNA using a semi-automated algorithm to
determine the yield and persistence length. First, all DNA molecules fully contained within a single
2x2 um? image were manually classified as either an interpretable individual DNA configuration
that contained zero or one strand crossings (Figure 1, green), uninterpretable configurations that

contained 2 or more strand crossings (Figure 1, red) or multiple overlapping individual DNA
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molecules. We classified molecules with two or more loops as kinetically trapped due to their low
apparent persistence length. Surface artifacts (e.g. a salt crystal) that could be reliably identified

as not a DNA molecule were ignored. The yield, Y, was defined as:
Y=100 * ]vinterpretable/ (]vinterpretable + N, uninterpretable + N, Overlapping) Eqn 1

where a yield of 0 indicates completely uninterpretable data, and a yield of 100 indicates

completely interpretable data.

We quantified the angle 6 between two tangent vectors separated by arc length s to measure the
persistence length (p) of a molecule via AFM imaging (Figure 1A). The tangent vector was
determined by fitting a third-order, least-squared polynomial spline through user-defined points
spaced about every 10 nm along interpretable DNA molecules, excluding the looped sections of
interpretable molecules that contained a loop (20%). The persistence length at a given condition
was then obtained by a least-squares fit of the following equation for all interpretable molecules

at that condition:
In(<cos(8(s))>) = -s/2p Eqn. 2.

The helical pitch was quantified by marking the position where the periodic structure of one
DNA strand repeated. The position where a repeat crossed the axis of the DNA was manually
bounded by two points, and the region in between these human-annotated points was fit with a
parabola. The maximum of the parabola was considered the location of the repeat, where the fit
was localized to a line of length 10 A or less along the DNA axis. In other words, the human-
annotated helical pitch location was refined by determining the local maximum in the DNA height
from a parabolic fit. From two adjacent helical pitch locations on the same DNA strand, major
pitch values were recorded as the total change in contour length. Both strands were measured

separately in our estimation of the helical pitch.

Automated annotation. To verify that the human-annotated DNA contours were unbiased, we
adapted a previously published method** for automated contour tracing. Briefly, the start and end
of the each DNA were manually annotated. A second point near the start of the DNA molecule

was needed to define an initial tangent. After determining an initial tangent vector, the algorithm
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then iteratively update its estimation of the tangent vector until it reaches the opposite end of the
DNA. The algorithm did not converge in roughly 20% of cases (i.e. took over 1000 steps of length
2 nm on a 680 nm piece of DNA), due to the presence of loops in DNA causing recursion. The
analysis for the automatically generated contours was the same as described for the manually
annotated data, except the computationally generated contour was used directly (i.e., there was no

spline interpolation for the automatically traced data).
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Figure 1. Configuration of DNA on mica depends on the details of the deposition process. (A) A
cartoon illustrating AFM imaging of DNA in two different configurations: an extended,
equilibrated one (green) and a compact, kinetically trapped one (red). Yield is defined as the ratio
of DNA configurations containing one or zero strand crossings divided by the number of total
molecules fully contained in a set of images. The persistence length (p), a measure of polymer
backbone stiffness, is determined by the angle between tangent vectors () along the path length s
using a 2D WLC model. Credit: S. Burrows/JILA. (B) An AFM image of DNA in liquid when
deposited under biophysically relevant ionic conditions (10 mM MgCl, + 25 mM KCI) and
subsequently imaged in 10 mM NiCl, + 25 mM KCI after pre-treating the mica with 100 mM
NiClz. The yield was high (90%) and analysis of the resulting DNA configurations yielded the
correct persistence length (= 50 nm). (C) An image of DNA deposited on mica at 10 mM NiCl, +
25 mM KCI and imaged in the same buffer after gentle rinsing. (D) An image of DNA deposited
at 25 mM KCI on mica coated with APTES. All solutions were buffered with 10 mM HEPES (pH
7.5). We note that these conditions were not optimized for the NiCl, deposition buffer and APTES-
derivatized mica protocol used in panels, C-D respectively. All images are 2x2 um? and are
colored using the same vertical scaling. Acronym: APTES, (3-Aminopropyl)triethoxysilane.
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Step 1 Step 2 Step 3
Ni-mica preparation DNA equilibration on surface Transfer to imaging buffer
Deposition buffer: Imaging buffer:
10 mM MgCl, 10 mM NiCl,
25 mM KClI 25 mM KClI
10 mM HEPES (pH 7.5) 10 mM HEPES (pH 7.5)
100 mM NiCl,, . Deposit DNA MgCl,rinse Tilt, MgCl, rinse NiCl, rinse
60s H,0 rinse Dry (1nM, 2s) (1 mL) (8 mL) (2mL)
Cleaved mica TR

Figure 2. Rapid three-step protocol for preparing DNA for imaging on mica in liquid. This
protocol consisted of three main steps. First, freshly cleaved mica was incubated with NiCl, at a
~10-fold higher concentration than traditionally used, rinsed with ultrapure water, and then gently
dried. Second, dilute DNA was deposited onto the Ni**-treated mica at biochemically relevant
ionic conditions and then the mica was extensively rinsed with deposition buffer. In the final step,
the equilibrated configuration of the DNA was fixed for more robust imaging by increasing the
interaction between the DNA and the mica by using an imaging buffer that contained 10 mM
NiClz. As discussed in the text, imaging in NiCl> was not required.
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Figure 3. Improved DNA deposition required a sequence of refinements. (A) A set of tapping-
mode images of DNA in liquid deposited under different deposition protocols as summarized in
each box. The change between each deposition process is highlighted with blue text, and protocols
associated with images are denoted with magenta boxes. (B—C) The percentage yield of
interpretable DNA molecules and their corresponding persistence length (p) is depicted below each
protocol. These values were computed from ~90 DNA molecules per condition with necessarily
more images acquired at deposition protocols with a poor yield. Error bars represent the standard
deviation for the yield and the fitting error for the persistence length. Persistence length was
deduced using a 2D worm-like chain model. Solid symbols are associated with the images shown
in panel A.
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4 1nm

Figure 4. Images of individual DNA molecules highlight the resulting high signal-to-noise ratio.
(A) A set of representative raw tapping-mode images of DNA in liquid selected from a larger scan
area (2x2 pum?) with traditional flattening. (B) An exemplary image of the double helix of DNA
acquired using a tip featuring a sharper tip radius (7mom = 2 nm) and smaller pixel size (0.5 A) than
those used in the remainder of the paper (see Methods). This image was fit with a third order, two-
dimensional spline to subtract the background, then smoothed with a Gaussian with a width of two
pixels (1 A).
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Figure 5. Equilibrated DNA deposited across a broad range of monovalent ionic conditions. (A—
B) The percentage yield of interpretable DNA molecules and their corresponding persistence
length (p) plotted as a function of monovalent ionic concentration at fixed MgCl> (10 mM). Closed
symbols are associated with images shown in panel C. For comparison, yield and persistence
length acquired under typical published conditions [ 10 mM NiCl> or APTES-functionalized mica]
are shown. The NiCl, + KCl and APTES + KClI data points were determined from DNA deposited
as in Figure 1C and 1D, respectively. Error bars represent the standard deviation. (C) Sets of three
representative images plotted vertically acquired at 0, 2.8, 8.3, 25 and 75 mM KCI. Nanoscale
precipitates became prevalent >75 mM KCI but the configuration of individual DNA molecules
could still be traced and hence persistence length determined.
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4 nm

Figure 6. High signal-to-noise ratio images of protein-nucleic acid complexes deposited at
biochemically relevant conditions. (A—B) Images of the type IIs restriction enzyme BspMI bound
to a 650-nm-long DNA via the single recognition site located at the center of the DNA. CaCl, was
substituted for MgCl in the deposition buffer to suppress cleavage. (C) An image showing two
separate DNA molecules bridged via a BspMI complex bound to two recognition sites. Such
bridging is a key step to efficient cleavage by BspMI.>! (D) An image of three nucleosomes on a
621-bp-long DNA substrate containing three high affinity binding sites for nucleosomes (i.e., the
601 Widom sequence) deposited using our standard protocol containing MgCl, (Figure 2).
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