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ABSTRACT: DNase I is a nonspecific endonuclease that -
preferentially cleaves double-stranded DNA (dsDNA) over " DNase
single-stranded DNA (ssDNA) in the presence of Ca®* and /! s
Mg**. Although the structure and biochemical properties of DNase
I are well-characterized, the catalytic process remains poorly
understood, as earlier studies primarily inferred cleavage from end
point fragments or time-averaged measurements rather than direct
visualization. Here, we employ high-speed atomic force micros-
copy (HS-AFM) to directly visualize DNase I activity on linear
dsDNA, circular dsDNA plasmids, and circular ssDNA plasmids.
DNase I, observed as monomeric particles, dimers, and trimeric or
higher-order aggregates, dynamically binds to and slides along
DNA substrates while inducing both single-strand and double-
strand cleavage events. These observations reveal that DNase I-mediated cleavage is not restricted to an isolated monomeric state
and that sliding-like DNA-bound motion can accompany nonspecific nuclease activity. DNase I exhibits significantly higher cleavage
efficiency toward dsDNA than ssDNA. Together, these results provide direct mechanistic insights into DNase I-mediated nucleic
acid degradation, with implications for its biochemical functions and therapeutic applications.

- ‘.J“

Nase Iis the first discovered endonuclease that exclusively applications, and other biochemical protocols, where cleavage
cleaves DNA." Physiologically, it plays a crucial role in efficiency and pathway selection can directly affect experimental
degrading extracellular self-DNA, thereby maintaining immune outcomes.
homeostasis and preventing the harmful accumulation of nucleic DNase I has traditionally been characterized within a
acids.” Deficiency or dysregulation of DNase I has been monomer-centered structural framework; functionally, its
associated with several autoimmune disorders, most notably catalytic activity requires divalent metal ions, with distinct
systemic lupus erythematosus.”* In the presence of Ca*" and binding sites for Ca** and Mg**/Mn*" (Figure 1A)."" Previous

Mg, DNase I cleaves double-stranded DNA (dsDNA) with studies demonstrate that Mg®* supports strand processing that
100—500-fold higher efficiency than single-stranded DNA yields single-strand breaks (SSBs) and ss-overhang intermedi-

(ssDNA).” This nonsequence-specific nuclease activity has ates, whereas Mn®" increases the frequency of double-strand
enabled widespread therapeutic and biochemical applications, breaks (DSBs) and accelerates digestion.12 Structural studies
including clinical use in the treatment of cystic fibrosis’ and (Table S1) indicate that Ca>* binding primarily stabilizes the
Alzheimer’s disease.” In biochemical research, DNase I protein conformation (Figure 1A, green pockets), while a
footprinting is a classic method for mapping protein—DNA distinct Mg2+/Mn2+—binding site contributes to DNA binding

interactions, as proteins bound to DNA protect specific regions
from DNase I cleavage, leaving characteristic “footprints” of
these sites.”” DNase I sensitivity is also modulated by local DNA
flexibility and minor-groove accessibility, giving rise to DNase-
hypersensitive sites that often correspond to regulatory elements
in chromatin.'® However, despite extensive biochemical and
structural characterization, the real-time, single-molecule
mechanism by which DNase I dynamically engages DNA and
converts transient encounters into strand cleavage outcomes
remains poorly defined. Defining this process is important
because DNase I remains widely used in molecular biology,
sequencing-related workflows, DNA footprinting, therapeutic

and catalysis (Figure 1A, pink pocket).'*'* DNase I engages
both strands of DNA and maintains contact with approximately
six consecutive base pairs via an exposed loop (Figure 1A, blue
loop), deforming the grooves to facilitate phosphodiester bond
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Figure 1. Structural characterization of DNase I molecules in buffers. (A) Structure of DNase I endonuclease (PDB entry 4awn, from X-ray
diffraction) with two calcium binding pockets (green), a magnesium binding site (pink), and the exposed DNA binding loop (blue). (B, C)
Representative HS-AFM images (left) and volume histograms (right) of DNase I molecules observed in buffers (B) without cations (EDTA treatment;
APO condition) and (C) with Ca®>" and Mg>". Total analyzed particle number are 48 and 283 for (B) and (C), respectively. Buffer conditions are
summarized in Table S2. The Gaussian fits of each volume distribution are summarized in Table S3. (D) Structural height comparisons between
DNase I monomer (pink) and dimer (green), as highlighted in (C). (E, F) Time-lapse high-resolution images of DNase I monomers observed in
buffers (E) without cations and (F) with Ca>* and Mg**. (G) Normalized cross-correlation scores of DNase I molecules, as shown in (E) and (F), after

translational and rotational alignment.

cleavage.'* Consistent with this metal dependence, EDTA
inhibits DNase I activity by chelating essential divalent cations.

The kinetics and substrate dependence of DNase I-mediated
DNA digestion have been investigated using various techni-
ques.'”'* In particular, atomic force microscopy (AFM) has
visualized the degradation of diverse DNA substrates, including
linear dsDNA'® and DNA origami.'® These studies highlighted
that rigid or topologically constrained DNA geometries can be
more resistant to DNase I digestion.l(”17 However, directly
resolving enzyme—DNA interactions at the moment of cleavage
has remained challenging, largely because DNase I is highly
diftusive in aqueous buffer and cleavage events are short-lived
and heterogeneous. As a result, many AFM-based analyses
emphasize substrate fragmentation without directly coupling it
to DNase I activities.

High-speed atomic force microscopy (HS-AFM) provides the
spatial and temporal resolution needed to observe such short-
lived dynamics under near-physiological conditions'® and has
been applied to study protein—nucleic acid interactions,
including Cas9-mediated DNA cleavage,19 G2L4 reverse
transcriptase-mediated DNA repair intermediates,”® and
DNA-histone interactions.”’ Importantly, dsDNA and
ssDNA are readily distinguishable in AFM by their characteristic
apparent heights (~1.2—1.5 nm for dDNA”* and ~0.6—0.8 nm
for ssDNA”) enabling strand-processing outcomes to be read
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out directly from topography. Here, we use HS-AFM to directly
visualize DNase I cleaving DNA substrates in real time, classify
enzyme—DNA interactions into distinct functional modes,
including binding, sliding-like motion, nonproductive encoun-
ters, and cleavage, and assess the impact of divalent cations and
substrate topology/mechanics on pathway selection across
linear dsDNA and circular ss-/dsDNA plasmids. Rather than
using HS-AFM only to observe DNA fragmentation, this study
focuses on the functional behavior of DNase I itself during DNA
degradation. These measurements directly identify catalytically
active DNase I species, including monomeric particles, dimers,
and trimeric or higher-order aggregates, during dsDNA cleavage.
Although the current dataset does not support a quantitative
comparison of activity among stoichiometric states, it
demonstrates that DNase I particles with different apparent
stoichiometries can participate in dsDNA cleavage under our
HS-AFM imaging conditions. In addition, the observed sliding-
like motion provides a dynamic view of how a nonsequence-
specific nuclease samples dsDNA before or during cleavage.
Together, these observations expand the conventional mono-
mer-centered view of DNase I catalysis and establish HS-AFM as
a platform for studying transient nuclease—substrate inter-
actions.

To establish a structural and functional baseline for
interpreting these cleavage movies, where rapid diffusion and

https://doi.org/10.1021/acschembio.6c00195
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Figure 2. Real-time HS-AFM observations of DNase I cleavage activity on linear 800 bp dsDNA samples. (A—D) Representative HS-AFM images
of two trimeric DNase I aggregate demonstrating their functional activities, including binding, sliding, and cleavage events, on a linear 800 bp dsDNA
sample, purified from a HPV-16 plasmid. (B, D) Zoomed-in images of local regions highlighted in (A). (B) The observed functional events include the
DNase I aggregate undergoing (i) DSB, (ii) partial SSBs, and (iii) sliding without cleavage on dsDNA fragments. (C) Height cross-section profiles
along the same DNA fragment before (2 s) and after (22 s) ss cleavages by a trimeric DNase I aggregate. (D) A trimeric DNase I aggregate binds to the
terminal of dsDNA (i) with or (ii) without ds cleavage and (iii) continuously digests the dsDNA fragment. (E) Representative HS-AFM images
showing the functional dynamics of a DNase I dimer during digestion of a synthetic linear 800 bp dsDNA fragment, which is cleaved at 43 s into
fragments 1 (F1, red) and 2 (F2, yellow). (F) Time-lapse kymograph of the DNase I dimer on the dsDNA fragment. The regions of DNase I dimer and
DNA fragment are highlighted in yellow and blue, respectively. Along the kymograph, regions of interest, including (i) cleavage into two smaller
fragments and (ii—iv) separately interacting with/cleaving each fragment, have been highlighted. (G) Correlation plots between the DNase I's position
(green) and lengths of DNA fragments measured over time.
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short residence times can bias what is captured, we first validated oligomer assignments for representative particles using
characterized the oligomeric state and conformational dynamics two diagonal cross-sectional height profiles (Figure 1D). Along
of DNase I under defined biochemical conditions. DNase I both diagonal profiles, the particle assigned as a DNase I dimer
adopts a Ca®'-stabilized sandwich-like structure fold and exhibited greater apparent height and broader lateral dimensions
features an exposed surface loop spanning Arg 70 to Lys 74 than the monomer. These profile-based comparisons support
(Figure 1A, blue loop) that mediates binding to the minor the dimer assignment and indicate that the increased particle

groove of dsDNA. Upon DNA engagement, cleavage occurs at
the active site that coordinates a primary catalytic Mg>" cation
(Figure 1A, pink ion).”* We therefore performed HS-AFM
measurements under two imaging conditions: an APO
condition containing 1 mM EDTA and an functionally activated
condition supplemented with divalent cations to support
cleavage (Figure 1B—G and Table S2).

Based on HS-AFM images (Figure 1B,C, left images), DNase
I was observed predominantly as a monomer, with an apparent
height of 2.3—3.0 nm (Figure 1D, pink profiles), although a ) o
subgstantial fraction of part%cles appeared as dimers or higgher— tlonallsFablhty, where TONOMErs were more s‘tl.'ucturallyzftable
order aggregates. The expected monomer volume was estimated and2+r1g1.d under functionally activated Fondltlons (Ca™ and
as 92.1 + 3.5 nm® by convoluting the DNase | PDB model with a Mg™*; Figure 1F and Supplemental Movie 2) than under APO
simulated AFM tip (Figure S1D; 2.0 nm apex radius). To conditions (EDTA; Figure 1E and Supplemental Movie 1). We

volume reflects a larger DNase I assembly rather than a tip-
convolution artifact. Across conditions, ~52—54% of particles
were monomeric, indicating a significant tendency to aggregate
that was independent of divalent cations.

DNase I monomers closely resemble the simulated AFM
image derived from the PDB structure (Figure S1), although the
lack of prominent topographic features prevented reliable
assignment of molecular orientation. Time-lapse HS-AFM
images revealed a clear biochemical dependence of conforma-

quantify aggregation, we measured the particle volumes and fit quantified these dynamics using normalized cross-correlation
the resulting volume histograms with Gaussian components (NCC) to the initial-frame topology (Figure 1G). In EDTA,
corresponding to monomers, dimers, and trimers (Figure 1B,C, DNase I exhibited larger NCC fluctuations, consistent with its
right and Table S3). Because volume analysis remains increased conformational variability, whereas Ca®>" and Mg**
susceptible to minor tip-convolution, even with the specialized stabilized a more compact conformation and persistent
HS-AFM tip used here (~1 nm apex radius), we further cross- topology. This stabilization is consistent with divalent cations
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Figure 3. Live addition of DNase I to synthetic linear 800 bp dsDNA. (A) Representative HS-AFM images of seven dsDNA molecules monitored
before (left, 54 s) and after supplementing the DNase I (right, 4357 s) into the liquid cell. DNase I was added twice at 90 and 878 s, reaching a final
concentration of ~0.38 nM. The imaging buffer contains both Ca** and Mg>* for activating the function of DNase I in dsDNA digestion. Two closely
inspected dsDNA molecules are highlighted in white. (B, C) Zoomed-in HS-AFM images of individual dsDNA molecules digested by DNase I over
time. Blue arrows indicate SSBs or DSBs along the dsDNA with a gap left between two ends of newly formed fragments. Green dashed arrows
correspond to the height profiles measured along the DNA backbone, where the height reduction from dsDNA (~1.2—1.5 nm) to ssDNA (~0.6—0.8
nm) is consistent with SSB-like or partial single-strand cleavage events mediated by DNase L.

promoting a cleavage-competent conformational ensemble that
supports productive and sustained enzyme-DNA engagement.

To capture DNase I activity on dsDNA, we employed a
stepwise incubation strategy in which a linear 800 bp dsDNA
sample (~264 nm in length; native HPV-16 or synthetic) was
first deposited onto APTES-treated mica, followed by DNase I
addition prior to HS-AFM imaging. Experiments were
performed in Ca** and Mg**-containing buffer (Table S2),
and initial frames therefore contained a mixture of intact dsDNA
and partially digested fragments (Figure 2). For the HPV-16
dsDNA, trimeric DNase I aggregates, assigned by cross-sectional
height-profile analysis (Figure S2), were repeatedly observed
binding to, diffusing along, and digesting dsDNA in real time in
two distinct scanning regions (Figures 2A—D, S3, and S$4 and
Supplementary Movie 3). Notably, these trimeric assemblies
remained catalytically active, and both DSBs and SSBs were
readily observed along the dsDNA backbone during aggregate
engagement (Figure 2A—D).

Two frequent modes were evident. In one, an aggregate
remained bound for several seconds before cleavage occurred,
producing either a DSB (Figure 2B-i) or a localized SSB (Figure
S3B-ii). In the other, aggregates sliding along dsDNA were
frequently associated with cleavage events, yielding DSBs
(Figure S3B-i) and SSBs (Figure 2B-ii) that progressively
fragmented the substrate. SSBs were accompanied by significant
local height reductions along the backbone (from ~1.5 nm to
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~0.7 nm; Figures 2C and S3B), consistent with a transition from
dsDNA-like to ssDNA-like apparent height during real-time
DNase I activity. We therefore interpret these features as SSB-
like or partial single-strand cleavage events, rather than base-
pair-resolution images of an individual nick. We also observed
nonproductive encounters, binding (Figure 2D-ii) or diffusion
without detectable cleavage (Figure 2B-iii), highlighting
heterogeneity in transient enzyme—DNA interactions. The
presence of ss-like segments generated during digestion is
consistent with prior biochemical observations that Mg>*
supports partial strand processing, in terms of nicking, during
DNase I-mediated dsDNA degradation.12

To probe DNase I activity beyond larger aggregates, we
performed analogous experiments with a synthetic 800 bp
dsDNA substrate using Mn** as the catalytic cation to increase
the efficiency of cleavage. Under these conditions, functional
monomeric and dimeric DNase I species directly cleaving and
processing a dsDNA fragment were visualized in real-time
(Figure SS and Supplementary Movie 4). These DNase I
particles were classified as monomers and dimers by cross-
sectional height profile analysis (Figure SSC—E). In contrast to
the more stable trajectories captured for dimers and trimeric
aggregates, monomer-mediated cleavage events were transient
and therefore more difficult to capture and characterize. We note
that, despite multiple trials, only a few movies successfully

https://doi.org/10.1021/acschembio.6c00195
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Figure 4. Effect of divalent cations on DNase I digestion of synthetic 800 bp linear dsDNA. (A, B) Representative HS-AFM images of DNA
fragments degraded by DNase I in buffers (A) lacking divalent cations (with EDTA) and (B) containing Mg** and Ca**, following a 30 min
preincubation of DNase I with dsDNA in solution. (C) Classification of four distinct cleavage product types observed in the presence of Mg>* and
Ca’": (i) DNA fragment produced by DSBs; (ii) fragment with an ss overhang, (jii) partially single-stranded or locally disrupted product along the
dsDNA, and (iv) fully ssDNA fragments. (D) Height profiles measured along the backbone of cleavage products, as highlighted by arrows in (C). (E)
Length distribution of observed DNA products in EDTA (red) and Mg**/Ca** buffer (blue), showing cation-dependent differences in cleavage

outcomes. The Gaussian fits are summarized in Table S4.

captured DNase I monomers cleaving dsDNA, potentially due
to their high diffusivity and relatively smaller size.

For further characterization of the functional modes of DNase
I on dsDNA, we preformed similar experiments using the same
synthetic dsSDNA substrate, but replaced Mn** with Mg**, which
supports lower cleavage efficiency and therefore enabled longer-
lived trajectories to be captured. Under this condition, we
visualized a DNase I dimer sliding along and cleaving a dsDNA
fragment (Figures 2E—G and S6—S8 and Supplementary Movie
5). Cross-sectional height profile analysis supported assignment
of this functional particle as a DNase I dimer rather than a
monomer (Figure $6). This functionally active DNase I dimer
initially bound near the center of a short dsDNA fragment (~80
nm) and induced a DSB that separated the substrate into two
fragments (Figure 2E, 43 s; F1 and F2). After this cleavage, the
dimer underwent oscillatory diffusion between the ends of F1
(55—101 s and 148—161 s) and F2 (44—53 s and 104—140s),
with progressive shortening that coincided with molecular
repositioning along the DNA. When fragment F1 was fully
degraded (~150 s), the dimer diffused away and cleaved a
nearby dsDNA fragment (Figure S7A, 172—179 s). The same
molecule later revisited fragment F2 (~181 s) before diffusing
away again (Figure S7 and Supplementary Movie S). Notably,
F2 continued to shorten even after the functionally active
molecule was no longer visible (Figure S7B), consistent with
cleavage occurring during brief interactions that can fall below
the imaging capture window. Closer inspection further
suggested a transient two-lobed morphology during processing,
including transitions from a compact globular morphology to a
two-lobed-like shape, in which two monomeric units of the
DNase I dimer became distinguishable during DNA sliding/
cleavage (Figure S8).

To quantify this trajectory, we constructed a two-dimensional
kymograph of its trajectory along a dsDNA fragment over time
(Figure 2F), and extracted both DNase I dimer’s position and
fragment length versus time (Figure 2G). This analysis revealed
a sequence in which the dimer (i) first traversed the fragment
without detectable cleavage, then induced a DSB (36—43 s), (ii)
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shortened the end of fragment two while repositioning (47—53
s), (iii) returned to digest the fragment one (76—93 s), and (iv)
translocated again to fragment two without additional cleavage
(100—130 s). Across these data, dimers exhibited functional
modes paralleling those of aggregates, including stable binding
coupled to DSBs or SSBs, and nonproductive binding/diffusion,
although sliding-associated cleavage was not captured for this
dimer, likely reflecting preferential end engagement in this
dataset. Together, these real-time observations indicate that
efficient dsDNA degradation arises from a dynamic balance
among transient binding, one-dimensional motion along the
substrate, and cleavage events that can occur on time scales
comparable to or faster than image acquisition. Importantly, the
functionally active particles captured in the main cleavage
trajectories were assigned as a DNase I dimer and trimeric
DNase I aggregates, indicating that multimeric DNase I species
can remain catalytically competent under our HS-AFM
conditions.

Together with the monomer-mediated cleavage event
captured in Figure S5, these observations show that DNase I
particles with different apparent stoichiometries can participate
in dsDNA cleavage. Across our movies, we identified
approximately 25—30 cleavage-associated events; however,
~12—16 events occurred too rapidly to support high-resolution
particle classification. Therefore, these data do not establish a
quantitative dependence of DNase I activity on enzyme
stoichiometry, but they support the conclusion that monomeric
and oligomeric DNase I particles can be catalytically active
under our HS-AFM imaging conditions.

In addition to the stepwise incubation, we performed live-
addition experiments in which DNase I (with Ca®* and Mg*")
was introduced into the liquid cell while imaging seven full-
length dsDNA molecules in a single scanning area over 4357 s
(Figure 3A). Over time, all dsDNA molecules were degraded
into fragments (Figures 3A and S9C), yet DNase I was only
rarely resolved directly, consistent with its rapid diffusion in
solution. Instead, cleavage events were occasionally accom-
panied by transient horizontal stripe-like features on dsDNA,
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consistent with partial, short-lived enzyme footprints captured
by HS-AFM during catalysis. Across the trajectories, SSBs were
observed as localized height decreases along the backbone and
frequently preceded later fragmentation into shorter products.
For example, dsDNA#4 exhibited an initial SSB-associated
height decrease (Figure 3B, 2372 s; green dashed arrow;
Supplementary Movie 6), followed by a second SSB within the
ss-like region (2576 s; blue arrow) and subsequent fragmenta-
tion into two large segments. Because these features appeared
during continuous imaging after DNase I addition, they provide
time-dependent evidence for local single-strand processing
before later duplex fragmentation. At later time points,
progressive DSBs further degraded these segments into shorter
fragments (Figure 3B, 4356 s). In addition, we observed the
time-dependent formation of an ss overhang at a DNA terminus
(Figure 3C, 3222 s; first appeared at ~3050 s), identified by
reduced terminal height and increased flexibility relative to
adjacent dsDNA. Once formed, this overhang persisted without
further degradation over the remainder of the observation.
These live-addition datasets support a model in which strand-
local processing events can appear first and set the stage for later
fragmentation, while the enzyme itself may remain difficult to
capture continuously because catalytic encounters are transient.

Because the real-time cleavage events observed in Figures 2
and 3 were collected at the liquid—surface interface, we
considered the possibility that surface adsorption could
influence DNA conformation, DNase I diftusion, enzyme—
substrate encounter frequency, or the distribution of observed
cleavage pathways. Therefore, we used solution preincubation
experiments to validate that our HS-AFM readouts reproduce
well-established biochemical features of DNase I activity. In
these experiments, DNase I and DNA reacted in solution before
surface deposition, allowing us to test whether the product
classes detected by HS-AFM were consistent with established
DNase I biochemistry rather than being generated solely by the
imaging interface.

To define how divalent cations regulate DNase I activity
under our imaging conditions and to validate the AFM-based
readouts against established DNase I biochemistry, we
preincubated DNase I with linear dsDNA for 30 min in buffers
containing EDTA, Ca** only, Mg>* only, or both Ca®>" and Mg**
before depositing the reaction products onto mica for HS-AFM
imaging (Figures 4 and S10 and Table $4). In EDTA, DNase I
still associated with dsDNA (Figure 4A, green arrows, and
Supplementary Movie 7), but cleavage was strongly suppressed.
Only rare DSBs were detected, and ~10% of molecules appeared
as shortened fragments (Figures 4E and S10E). Notably, we did
not observe SSBs along the dsDNA backbone in this condition,
indicating that enzyme—substrate association can be decoupled
from productive phosphodiester hydrolysis when divalent ions
are chelated. The small residual fragmentation likely reflects a
minor fraction of DNase I molecules retaining tightly bound
metal ions that are not fully sequestered by EDTA.”*° We also
considered whether this residual fragmentation could arise from
tip-induced DNA damage during continuous HS-AFM scan-
ning. However, the imaging force used in our HS-AFM
experiments was maintained at a low level, approximately 20—
40 pN,”” and we did not observe tip-induced cleavage in ssDNA
or dsDNA samples imaged without DNase I under comparable
conditions. Moreover, the strong dependence of fragmentation
on divalent-cation conditions argues that the dominant cleavage
activity is enzymatic rather than mechanically induced by the
AFM tip.
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Adding Ca®>* or Mg*" alone partially restored digestion
(Figure SI10E and Table S4), resulting in 49% and 38%,
respectively, of DNA molecules observed to be shortened. The
mean fragment lengths of under Ca’*-only and Mg**-only
conditions were 42.6 and 23.5 nm, respectively, shorter than the
80 nm mean fragment length observed under EDTA conditions
(Figure S10E and Table S4). The presence of both Ca®* and
Mg** produced robust degradation, reflected by a remarkable
reduction in both the number and contour length of surviving
DNA fragments, with 77% of observed DNA molecules
exhibiting a mean length of 21.5 nm and the remaining
molecules with a mean length of 98.2 nm (Figure 4E and Table
S4). When both Ca®* and Mg®" were present during solution
incubation of DNA with DNase I, no full-length DNA molecules
were observed, in direct contrast to incubation in solution with
EDTA, Ca** alone, or Mg** alone (Table S4). We further used
the height contrast between dsDNA (~1.5 nm) and ssDNA
(~0.75 nm) to classify cleavage products (Figures 4D and
S10C).

Under Ca’* alone and both Ca** and Mg®* conditions, we
consistently observed four product classes ordered by observed
frequency: (1) DSBs at dsDNA termini, (2) ss overhangs, (3)
SSBs along the dsDNA backbone, and (4) fully ssDNA products
(Figures 4C and S10B). These ss-overhang-containing and
partially single-stranded products are consistent with strand-
processing intermediates that can precede complete duplex
cleavage, as observed dynamically in Figures 2 and 3. In HS-
AFM images, these intermediates were identified by local height
reductions along the DNA backbone, reflecting the apparent
height difference between dsDNA and ssDNA. Thus, rather
than serving as the primary evidence for real-time nick
formation, Figure 4 provides end point/product-level support
for the SSB-like and DSB pathways observed in the real-time
HS-AFM movies. Classes 2 and 3 were further characterized by
their reduced apparent height and altered local backbone
morphology (Figure 4C,D), providing a useful nanoscale
readout for resolving strand-processed cleavage products within
individual DNA molecules.

Together, these single-molecule characterizations demon-
strate that efficient DNase I catalysis requires a cooperative
cation environment and provides a mechanistic picture of how
metal availability controls not only overall activity but also the
distribution of ss- versus ds-cleavage products (Figure 4). These
solution-preincubation experiments reproduce well-established
DNase I behaviors, including inhibition by EDTA, partial
activity with Ca®* or Mg”* alone, and stronger digestion in the
presence of both Ca’* and Mg”". Because these reactions
occurred in solution before deposition, the resulting product
distributions provide an independent validation that the height-
and morphology-based HS-AFM readouts reflect DNase I-
mediated DNA processing rather than surface effects alone.

The presence of Ca®* and Mg** significantly enhanced DNase
I-mediated degradation of linear dsDNA and resulted in the
formation of four distinct classes of cleavage products (Figure
4B,C). To test whether these cation-dependent behaviors
generalize across DNA topology and strand state, we next
examined DNase I digestion of circular ssDNA and circular
dsDNA plasmids (Figure SA,B). Each plasmid was first imaged
on APTES-treated mica in the absence of enzyme (Figure SA-
i,B-i) and then reimaged after 30 min of preincubation in
solution with DNase I in either EDTA (Figure SA-iiB-ii) or
Ca’ + Mg**(Figure 5A-iii,B-iii). Consistent with their distinct
topological constraints, circular dsDNA adopted closed-loop,

https://doi.org/10.1021/acschembio.6c00195
ACS Chem. Biol. 2026, 21, 1260—1268

920z ¥1snbny /g uo Jasn NILSNY LV SYXIL 40 AINN Aq Jpd 6610009 01quIaydsoe/968€EE | $9/09¢2 1/9/ L Z/4pd-ajoie/00qoe/Bi0 soe sqnd woly papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acschembio.6c00195/suppl_file/cb6c00195_si_007.avi
https://pubs.acs.org/doi/suppl/10.1021/acschembio.6c00195/suppl_file/cb6c00195_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.6c00195/suppl_file/cb6c00195_si_008.avi
https://pubs.acs.org/doi/suppl/10.1021/acschembio.6c00195/suppl_file/cb6c00195_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.6c00195/suppl_file/cb6c00195_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.6c00195/suppl_file/cb6c00195_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.6c00195/suppl_file/cb6c00195_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.6c00195/suppl_file/cb6c00195_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.6c00195/suppl_file/cb6c00195_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.6c00195/suppl_file/cb6c00195_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.6c00195/suppl_file/cb6c00195_si_001.pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.6c00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

Figure 5. DNase I digestion activity on circular ssDNA and dsDNA
plasmid. Representative HS-AFM images of circular (A) M13 ssDNA
plasmid and (B) dsDNA plasmid imaged (i) before DNase I digestion
or (ii, iii) after 30 min incubation of circular DNA plasmid sample with
buffers containing (ii) EDTA or (iii) Mg?* and Ca®*. Green arrow
indicates the DNase I molecule.

often compact/supercoiled conformations (Figure SB-i), where-
as ssDNA plasmids predominantly collapsed into irregular,
compact structures with reduced apparent heights (~0.6—0.8
nm; Figure SA-i). These distinct surface-adsorbed DNA
geometries are consistent with previous AFM studies that
report topological constraints in circular DNA and enhanced
flexibility of ssDNA.**7*° Under EDTA, plasmid morphologies
were largely unchanged relative to enzyme-free controls (Figure
SA-i,B-i), indicating that DNase I binding is insufficient to drive
efficient cleavage when divalent cations are chelated. However,
the compact conformations of circular plasmids limited reliable
contour-length quantification in these measurements.

In contrast, in the presence of Ca** and Mg**, both plasmid
substrates were degraded by DNase I (Figure SA-iiiB-iii).
Cleavage products derived from ssDNA plasmids appeared as
small, clustered structures and short ssDNA fragments that were
relatively homogeneously distributed across different scanning
areas (Figure SA-iii). In comparison, dsDNA plasmids were
predominantly degraded into dot-like structures (Figure SB-iii)
with a small number of short DNA fragments, resembling the
cleavage products observed for linear dsDNA (Figure 4C).
Notably, fewer residual DNA fragments remained for dsDNA
plasmids than for ssDNA plasmids under the same biochemical
conditions (Figure S11). In addition, the contour lengths of
residual DNA fragments for the dsDNA plasmid were shorter
than those of the ssDNA plasmid (Table S4). Our results
support more efficient DNase I-mediated cleavage of dsDNA.

In this work, we used HS-AFM to directly visualize DNase I-
mediated DNA cleavage at the single-molecule level under near-
physiological conditions. Although AFM and HS-AFM have
previously been used to visualize DNA degradation, the main
contribution of this study is to resolve the dynamic behavior of
DNase I particles during cleavage, including their binding,
sliding-like motion, apparent stoichiometry, and cleavage
outcomes. While DNase I has been extensively characterized
through ensemble biochemical assays"'>"* and static structural
methods,""'*™"” cleavage activity has largely been interpreted
from end point fragment distributions or time-averaged
measurements rather than by observing the catalytic process
as it occurs. Our HS-AFM approach resolves transient,
heterogeneous enzyme—substrate interactions in real-time and
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reveals a set of functional modes, including binding, sliding-like
motion, nonproductive encounters, SSB-like strand processing,
DSB formation, and progressive fragment shortening arising
from short-lived DNase I engagements with the DNA backbone
(Figures 2 and 3). Notably, our HS-AFM observations directly
visualize catalytically active DNase I species during dsDNA
cleavage at the single-molecule level, including monomers,
dimers, and trimeric aggregates. In the main cleavage trajectories
(Figure 2), the functionally active particles were assigned as a
dimer and trimeric aggregates, whereas monomer-mediated
cleavage events were captured less frequently (Figure SS).
Together, these observations expand the conventional mono-
mer-centered view of DNase I catalysis by showing that both
monomeric and oligomeric DNase I species can remain
catalytically competent under HS-AFM imaging conditions.
We note that these data do not establish a quantitative
relationship between DNase I stoichiometry and catalytic
efficiency. Instead, they demonstrate that catalytically active
DNase I particles with different apparent stoichiometries can be
captured during dsDNA cleavage.

The sliding-like motion observed here also provides a useful
framework for interpreting DNase I activity on DNA. Berg and
von Hippel proposed that DNA-binding proteins can interact
with DNA through three-dimensional diffusion, hopping,
intersegment transfer, and one-dimensional sliding. Although
DNase I is a nonsequence specific endonuclease, previous
studies have suggested that its cleavage activity is influenced by
DNA flexibility and accessible minor-groove geometry.”' ="
Our observations suggest that a related sliding-like mode can
also occur for DNase I. In this context, DNase I sliding should
not be interpreted as a search for a defined sequence motif.
Instead, sliding-like motion may allow DNase I to locally sample
the DNA contour geometry, increase transient catalytic
engagement, and contribute to the heterogeneous distribution
of SSB-like and DSB cleavage outcomes observed in our movies.

Because HS-AFM measurements are performed at a liquid—
solid interface, we do not conclude that multimeric DNase I
species dominate all DNase I activity in bulk solution. Surface
immobilization may influence DNA conformation, enzyme
residence time, local diffusion, and the probability of capturing
specific cleavage intermediates. Therefore, our HS-AFM assay
should not be interpreted as a complete substitute for
unrestricted free-solution reactions. However, the DNA remains
hydrated and accessible to DNase I in the liquid cell, and DNase
I retains the ability to bind, diffuse along the DNA contour,
dissociate, reassociate, and mediate cleavage. These dynamic
behaviors argue against a purely static surface-adsorption
artifact. In addition, the solution-preincubation experiments
reproduced established DNase I cation dependence before
deposition, including EDTA inhibition and enhanced cleavage
in the presence of both Ca® and Mg?*. Thus, our data
demonstrate that DNase I dimers and trimeric aggregates can
remain catalytically competent during dsDNA cleavage under
surface-supported but liquid-accessible conditions, revealing
functional states that are difficult to access from static structures
or end point digestion assays alone.

Divalent cation controls establish the essential and cooper-
ative roles of Ca** and Mg** in enabling efficient cleavage under
our imaging conditions (Figure 4). EDTA chelation largely
suppressed DNA cleavage despite persistent enzyme—DNA
interactions (Figure 4A), confirming that substrate binding
alone is insufficient for catalysis. While the presence of either
Ca’* or Mg*" partially restored DNase I activity, the
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combination of both cations resulted in robust and efficient
DNA degradation, producing a diverse spectrum of ss- and ds-
cleavage products. These real-time HS-AFM observations
provide dynamic confirmation of long-standing biochemical
models describing the metal-ion dependence of DNase 1.

Extending these measurements across substrate architectures
demonstrates that DNase I efficiency is strongly modulated by
DNA mechanics and topology. The dsDNA is preferentially and
more efficiently degraded across both linear and circular
substrates, whereas ssDNA, despite increased flexibility, under-
goes slower and less complete digestion (Figure 5). Altogether,
DNase I is a crucial enzyme used in molecular biology,
sequencing-related workflows, DNA footprinting, therapeutic
applications, and biochemical sample preparation. This study
captures the real-time behavior of catalytically active DNase I
particles with different apparent stoichiometries during DNA
digestion, advancing our understanding of its functional
mechanisms.

This study demonstrates HS-AFM as a nanoscale approach
for resolving nuclease reaction pathways and for connecting
enzyme motion, ionic activation, and substrate mechanics to
cleavage outcomes with high spatiotemporal resolution. It also
provides mechanistic insights relevant to DNase I's biological
functions, therapeutic applications, and the rational design of
nuclease-based tools. More broadly, this approach provides a
framework for studying emerging nucleases and other DNA/
RNA-binding enzymes whose transient substrate interactions
are difficult to resolve using static structures or end point assays
alone.
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