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ABSTRACT: Label-free in situ X-ray scattering from protein spherical
nucleic acids (Pro-SNAs, consisting of protein cores densely function-
alized with covalently bound DNA) was used to elucidate the enzymatic
reaction pathway for the DNase I-induced degradation of DNA. Time-
course small-angle X-ray scattering (SAXS) and gel electrophoresis
reveal a two-state system with time-dependent populations of intact
and fully degraded DNA in the Pro-SNAs. SAXS shows that in the fully
degraded state, the DNA strands forming the outer shell of the Pro-
SNA were completely digested. SAXS analysis of reactions with different Pro-SNA concentrations reveals a reaction
pathway characterized by a slow, rate determining DNase I-Pro-SNA association, followed by rapid DNA hydrolysis.
Molecular dynamics (MD) simulations provide the distributions of monovalent and divalent ions around the Pro-SNA,
relevant to the activity of DNase I. Taken together, in situ SAXS in conjunction with MD simulations yield key
mechanistic and structural insights into the interaction of DNA with DNase I. The approach presented here should prove
invaluable in probing other enzyme-catalyzed reactions on the nanoscale.
KEYWORDS: enzymatic DNA degradation, small-angle X-ray scattering, DNA-coated proteins, molecular dynamics simulations,
counterion distribution

Enzymes attack nucleic acids in cell media, thus, limiting
their intracellular life times and utility as probes and
gene regulation agents.1 Therefore, probing the stability

of DNA against enzymatic degradation in suitable environ-
ments would help in understanding cellular processes and in
designing successful biotechnologies. Several techniques have
been developed to protect and deliver nucleic acids into cells.
These include packaging nucleic acids with cationic lipids,2,3

designing polymer-nucleic acid complexes,4 and functionalizing
nanoparticles with nucleic acids to generate spherical nucleic
acid (SNA) nanoparticle conjugates [e.g., Au-SNAs] useful for
gene regulation,5 immunomodulation,6 and detection.7 In
recent years, protein spherical nucleic acids (Pro-SNAs) have
emerged as a useful class of biomaterials, composed of a
functional protein core and a dense shell of covalently bound
oligonucleotides.8 Like the prototypical Au-SNAs, Pro-SNAs
exhibit efficient transfection into cells,8 but have the added
benefit of allowing one to deliver cell-probing and therapeutic
proteins.8−10 However, nuclease-catalyzed degradation of the
oligonucleotides affects their stability and scope of use.
The activity of nucleases on free nucleic acids has been

extensively studied,11−13 but there is limited information
related to their action on SNAs. For instance, for siRNA-Au
nanoparticle SNAs, the site of nuclease catalyzed hydrolysis
differs from that for free siRNA.14 In addition, SNAs exhibit a
half-life that is 4.3× longer than that for free DNA of the same

sequence.15 The high local counterion density and steric
hindrance for the nuclease created by the dense DNA shell
were hypothesized to contribute to this enhanced stability.
These observations suggest the need for detailed studies
focused on optimizing the design of the SNA conjugates of
interest and on understanding and controlling their local ionic
environment to maximize their serum stability. Furthermore,
the above studies on the nuclease-mediated degradation of
oligonucleotides on SNA−AuNP conjugates relied on
measurements of the fluorescence intensity from fluoro-
phore-labeled nucleic acids functionalized onto the particle
core. The DNA degradation led to an enhancement of the
fluorescence intensity because of the liberation of the
fluorophores from the fluorescence quenching AuNP cores.16

While such fluorescence-based assays provide valuable insight
into the kinetics of the reaction, they do not yield information
on the structural changes occurring within the nucleic acid
shell and the reaction pathway. Additionally, the fluorophore
on the nucleic acids may alter the interaction between the
nuclease and the nucleic acids. Here, we report a label-free
structural study of the nuclease catalyzed degradation of Pro-
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SNAs via small-angle X-ray scattering (SAXS).17,18 We will
show that this ideal in situ nanometer scale characterization
approach elucidates the reaction kinetics, as well as the
structure of the intact and degraded Pro-SNA and associated
DNA. Thus, revealing key mechanistic and structural insights
into the enzymatic degradation of DNA functionalized onto
nanoparticle cores.
Pro-SNAs are suitable candidates for SAXS measurements of

DNA degradation because the monodispersed proteins and the
oligonucleotides offer sufficient electron density contrast with
respect to the aqueous solvent for their in situ structural
characterization, as demonstrated by previous SAXS studies on
proteins and oligonucleotides.19−22 Furthermore, for the case
of Pro-SNAs, the comparable, yet sufficiently distinct, electron
densities of the proteins and the oligonucleotides allow for a
direct measurement of the spatial extension of the oligonucleo-
tide shell.23 In comparison, for metal nanoparticle−nucleic
acid conjugates, SAXS does not yield direct structural
information for the oligonucleotide shell because scattering
from the very electron-dense metal cores dominates the SAXS
intensity profile.24 For the above reasons, we hypothesized that
time-course SAXS on Pro-SNAs should sensitively probe the
changes in the DNA shell during the enzymatic degradation
reaction and provide time-dependent snapshots of the
macroscopic state of the system to enable a deeper
understanding of the reaction mechanism.
The Pro-SNA employed in this study is composed of a

Corynebacterium glutamicum catalase (Cg catalase) core densely
functionalized with ∼40 DNA strands (Figure 1A). The DNA
strands are covalently attached to the protein core using
previously established methods.8 To summarize the methods,
the surface accessible amines on the protein are converted into
azides and then reacted with cyclooctyne (DBCO) terminated
20 base-long single-stranded DNA (ss-DNA). Complementary
DNA strands are then added in excess to form double-stranded
DNA (ds-DNA) on the protein surface (see Methods for
details).
For the nuclease, we chose deoxyribonuclease I (DNase I), a

widely distributed endonuclease in mammalian25 and human
tissues26,27 that has been previously used to test the resistance
of DNA-functionalized nanoparticles to enzymatic degrada-
tion.16,28−32 DNase I is a glycoprotein with an average
molecular mass of 30 kDa. It catalyzes the direct nucleophilic
attack of the phosphorus atom on the DNA backbone by a

water hydroxyl, resulting in the cleavage of the P−O 3′ bond
and the formation of 5′ phosphate terminated nucleotides.33

While DNase I is not reported to have any marked sequence
specificity, it preferentially cleaves phosphodiester linkages
adjacent to pyrimidine bases.34 Divalent Ca2+ and Mg2+ cations
stabilize the conformation of DNase I and facilitate the
hydrolytic cleavage of the phosphodiester bond.33,35,36

Consequently, the activity of DNase I is significantly reduced
in buffers devoid of Ca2+ and Mg2+, or those containing high
concentrations of monovalent ions.37−39

For the experiments, Pro-SNAs were dispersed at concen-
trations varying between 0.5 and 4 μM in a DNase I reaction
buffer, which contained 10 mM Tris HCl, 0.5 mM CaCl2, and
2.5 mM MgCl2, and had a pH of 7.6 at 25 °C. DNase I was
then added to concentrations of 43−167 nM, and the reaction
was allowed to proceed at room temperature for 1−6 h. The
reaction mixture was sampled at intermediate time points to
track changes in the scattered intensity profile. Background-
subtraction was performed to isolate the scattered intensity
due to Pro-SNA (protein and the attached DNA), and the
degraded DNA fragments in the solution. Specifically, for the
case of intact Pro-SNA dispersed in the buffer solution,
background-corrected intensity profile was obtained by
subtracting out the measured scattering from the capillary
(sample holder) containing the reaction buffer. Similarly, for
Pro-SNA-DNase I reaction mixtures, the scattering from the
capillary with DNase I in the reaction buffer were subtracted
out. For further details, see Methods.
X-ray scattering data was analyzed to elucidate the DNA

degradation pathway, the kinetic parameters for the DNA
degradation process, and to elucidate the structure of the Pro-
SNA in intact and degraded states. Molecular dynamics was
used to determine the ionic environment surrounding the Pro-
SNA under the experimental conditions.

RESULTS AND DISCUSSION

The feasibility of SAXS for monitoring the enzymatic
degradation of the DNA shell is demonstrated in Figure 1B,
which shows starkly distinct background-subtracted intensity
profiles from 4 μM Pro-SNA before and after 6 h of incubation
with 166.6 nM DNase I. It must be noted that at this low
DNase I concentration, the intensity profiles do not show any
measurable features due to DNase I [section S1]. Moreover,
DNase I does not affect the protein structure; over time, the

Figure 1. (A) Schematic for Pro-SNA depicting a Cg Catalase core (∼9 nm × 9 nm × 7.5 nm) covalently linked with 40 ds-DNA. Also shown
is the nuclease, DNase I (∼4.6 nm × 4.2 nm × 3.4 nm), drawn to scale. (B) Background subtracted SAXS intensity profiles from Pro-SNA
before (red) and after (blue) 6 h of incubation with DNase I. The intensity profile at 6 h time point (blue) was invariant over an additional 2
h of incubation with the enzyme, indicating that the degradation of Pro-SNA had completed within the first 6 h.
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protein itself exhibits no measurable structural changes
(section S2). That is, the differences in the intensity profiles
(Figure 1B) are due to and qualitatively consistent with the
DNase I-induced DNA degradation, as described below.
First, we show that the reduction in the forward scattered

intensity [I(q → 0)] (Figure 1B) is consistent with the
detachment of the degraded DNA from the protein.
Specifically, the background-subtracted forward scattered
intensities from solutions containing the intact [Iin(q = 0)]
and the fully degraded [Ide(q = 0)] Pro-SNA (e.g., the red and
blue profiles in Figure 1B) include, respectively, the coherent
and the incoherent sums of the forward scattering from the
protein and the DNA (section S3).
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Here, N
V
is the Pro-SNA concentration, q = 4π sin θ/λ is the

scattering vector modulus, 2θ is the scattering angle, and λ is
the X-ray wavelength. (⟨ρprot⟩r, ⟨ρDNA⟩r) and (Vprot, VDNA) are

the average electron densities and volumes for the protein and
the DNA, respectively, and ρs is the electron density for the
solvent. NDNA is the number of DNA strands per protein, and
Nf is the average number of fragments that each degraded
DNA is divided into. On the basis of eqs 1 and 2 and the
consideration that average electron densities for the protein
and the DNA are higher than the aqueous solvent40 (described
later), Iin(q = 0)> Ide(q = 0). That is the reduction in the
forward scattered intensity after incubation with DNase I is
due to a loss of spatial coupling between the protein core and
the detached degraded DNA.
Second, the position of the first minimum in the intensity

profiles, which is inversely related to the overall Pro-SNA size,
shifts from qmin ∼ 0.5 nm−1 to qmin ∼ 0.9 nm−1 in going from
intact to degraded Pro-SNA (Figure 1B). The reduction in
Pro-SNA size is again consistent with the detachment of the
whole or part of each DNA from the protein. A more
quantitative analysis of the intensity profiles is described later.

Time-Dependent SAXS for Analyzing DNA Degrada-
tion Pathway. To elucidate the enzymatic reaction pathway
for the Pro-SNA-DNase I system, time-course SAXS measure-
ments were performed on 4 μM Pro-SNA incubated with
166.6 nM of DNase I (Figure 2A). The SAXS intensity profiles
in Figure 2A exhibit a monotonic decrease in the forward
scattered intensity [I(q → 0)] with time, indicating increasing
DNA degradation with time, as described above. Furthermore,
the intensity profiles exhibit three clear isosbestic points at q =
0.32, 0.54, and 2.2 nm−1, where the measured intensity from
the Pro-SNA-DNase I system is invariant during the course of
the reaction. Such isosbestic points are indicative of a two-state
system.41−46 That is, the Pro-SNA composition of the solution

Figure 2. (A) Background subtracted SAXS intensity profiles from the 4 μM Pro-SNA, 166.6 nM DNase I system at varied time points into
the reaction. The presence of isosbestic points suggests a two-state system. (B) Schematic of proposed reaction pathway consisting of a slow,
rate-determining enzyme−substrate association step and a fast substrate (DNA) degradation step. (C) Time evolution of fraction of Pro-
SNAs in states A (blue) and B (black), obtained by fitting time-dependent SAXS intensity profiles with eq 3. SDS PAGE gel containing a
reference protein ladder (lane 2), native catalase (lane 3), Pro-SNA (lane 4), DNase I (lane 7), and Pro-SNA-DNase I reaction mixtures
sampled at 30 (lane 5) and 45 min (lane 6). The resolution of the Pro-SNA into two distinct bands confirms the two-state model.

ACS Nano Article

DOI: 10.1021/acsnano.9b04752
ACS Nano 2019, 13, 11382−11391

11384

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b04752/suppl_file/nn9b04752_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b04752/suppl_file/nn9b04752_si_002.pdf
http://dx.doi.org/10.1021/acsnano.9b04752


at any given time is likely a linear combination of populations
of intact Pro-SNA (state A, t = 0) and the final degraded Pro-
SNA (state B, t = 6 h). If true, the measured intensity profile It
(q) at any intermediate time point in Figure 2A is

α α= + [ − ]I q t I q t I q( ) ( ) ( ) 1 ( ) ( )t A B (3)

Here, IA and IB are the scattered intensities from the pure states
A and B, respectively, and α(t) is the fraction of Pro-SNA that
are in the intact form (state A) at a given time t. From eq 3, if
IA = IB at some specific q = qiso, then this equality in intensity is
also extended to linear combination profiles It(q) at q = qiso,
resulting in isosbestic points observed in Figure 2A. On the
basis of this two-state model, we hypothesize (and prove later)
that upon association with intact Pro-SNA (state A), DNase I
catalyzes a very rapid hydrolysis of the DNA shell to yield final
system of degraded Pro-SNA and DNA fragments (state B),
such that no intermediates are detectable (Figure 2B).
The “two-state” model is validated by two methods. First,

the intensity profiles, at intermediate time points in Figure 2A,
It(q) for 0 < t < 6 h could be described well by eq 3, using one
fitting parameter per profile α(t) < 1, which is the time-
dependent fraction of the Pro-SNA in the intact form (for
examples of such fits, see section S4). The fit values of α(t)
(Figure 2C) were consistent with the expectation that α(t)
monotonically decreases with increasing time.
To more emphatically confirm the two-state model, sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) measurements were used on Pro-SNA (1 μM)-
DNase I (43 nM) solutions, with reactions terminated at the
30 and 45 min time points (Figure 2D). To establish a
reference, the same gel was used for simultaneous measure-
ment on a mixture of proteins of well-known masses (lane 2),
the native Cg catalase (lane 3), intact Pro-SNA (lane 4), and
DNase I (lane 7). The sample pretreatment for SDS-PAGE
denatures the proteins, and the SDS attachment imparts on
them a high negative charge. Figure 2D shows the extent of
migration of the negatively charged Protein-SDS and Pro-SNA
from the top of the gel (cathode) toward the bottom of the gel
(anode), after 30 min at 200 V. As can be readily observed, the
two Pro-SNA-DNase I reaction mixtures sampled at the 30
min. (lane 5) and 45 min. (lane 6) time points resolve into
identical sets of 3 distinct macromolecular components or
bands. The macromolecules exhibiting the lowest and the
highest electrophoretic mobility are identified as the intact Pro-
SNAs and the DNase I through comparison with the reference
samples (lanes 4 and 7). The macromolecules in the middle

band must then correspond to the degraded Pro-SNA. The
degraded Pro-SNA are not identical to the native Cg catalase
(Figure 2D). This is expected because even if each DNA on
the Pro-SNA is completely degraded, the Pro-SNAs will retain
∼40 bulky linkers. We note that the bands corresponding to
both the intact and degraded Pro-SNA are broader than those
for pure proteins. Overloading the gel columns by a high Pro-
SNA concentration solution may have caused this. Alter-
natively, this broadening may reflect slight polydispersity in the
number of DNA per protein. Further systematic experiments
are required to clarify the precise origin of this broadening.
Nevertheless, the separation of Pro-SNAs into two popula-
tionsintact (state A) and degraded (state B) on a SDS
PAGE gel in conjunction with the above-described SAXS
analysis unambiguously validates the two-state model. This
implies that the macroscopic state of the Pro-SNA at any time-
point in the reaction is a linear combination of fully intact and
fully degraded Pro-SNA.

Deducing Reaction Kinetics via Time-Dependent
SAXS. To extract the kinetic parameters that determine the
DNA degradation, we analyzed time-dependent SAXS data
from 0.5, 1, 1.5, and 2 μM Pro-SNA, each incubated with 43
nM DNase I (section 5) and used the Michaelis−Menten
model for enzyme−substrate kinetics47 (eq 4)

[ ] + [ ]

[ ]

→ [ ] +

−

H Ioo

k

enzyme E substrate S

complex X

product P enzyme

k

k

2

1

1

(4)

In eq 4, the enzyme (E) and substrate (S) refer to DNase I
and the DNA on the protein surfaces, respectively. The above-
validated two state model for DNase I catalyzed DNA
degradation suggests that once a DNase I associates with a
Pro-SNA, it induces a very rapid degradation of all the DNA
on the Pro-SNA. Therefore, in eq 4, we assume k−1 ≪ k2.
Under this assumption and for the experimental case where the
DNA concentration [S] (= 20−80 μM) is much higher than
the DNase I concentration [E] (= 43 nM), the Michaelis−
Menten relation can be written as

=
[ ]

+
[ ] [ ]v k k

1 1
E

1
E

1
S0 2 1 (5)

Here, =
→

− [ ]v lim
t t0

0

d S
d

is the initial velocity or the rate of DNA

decomposition in the limit t → 0 and can be written as

Figure 3. (A) Time-dependent fraction of degraded Pro-SNA for the case of 2 μM Pro-SNA incubated with 43 nM DNase I. (B) 1/⟨v0⟩ vs 1/
[DNA] plot along with the best fit line. The slope and intercept of this best fit line were used to determine the rate constants k1 and k2 (eq
5).
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α= −[ ] ×
→

v
t

S lim
d
dt

0 0
0 (6)

Here, [S0] is the initial concentration of the intact DNA
strands. Figure 3A shows the method of determining the rate

of change in the fraction of intact Pro-SNA (− α

→
lim
t t0

d
d
), and

hence, the initial reaction velocity (eq 6) for the example case
of 2 μM Pro-SNA incubated with 43 nM DNase I. Here, the
fraction of Pro-SNA in degraded state [1 − α(t)] was derived
by analyzing the time-dependent SAXS data with the two-state
model (eq 3), as before.
Figure 3B shows the plot of 1/⟨v0⟩ versus 1/[S] along with

the best fit line. On the basis of eq 5, the slope and the
intercept of this best-fit line yield k1 = (1.02 ± 0.12) × 10−5

nM−1 s−1 and k2 = 1.16−0.27
+0.5 s−1, respectively. That is the rate

constant for DNA degradation is 5 orders of magnitude higher
than the rate constant for DNase I-DNA association: the
Michaelis−Menten constant KM (= k2/k1, here) ∼ 105 nM.
This agrees favorably with the lower bound of 1.4 × 104 nM
for KM in a previous study of DNase I-mediated degradation of
a number of different short DNA.48 We do, however, note that
a fluorescence study on free DNA and DNA attached to Au
nanoparticles performed at low total DNA concentrations
(∼20−500 nM) reported a KM ∼ 400 nM,16 more than 2
orders of magnitude lower than the value deduced here. This
discrepancy suggests the need for further detailed studies of the
enzymatic degradation studies as a function of the substrate
and the enzyme concentrations. Nevertheless, the result of a
slow association of DNase I to DNA followed by a rapid DNA
degradation appears to be valid across a range of conditions,
which includes different spatial arrangements of the DNA.
Nanoscale Structural Analysis of Intact and De-

graded Pro-SNA and DNA. To understand the nanoscale
structural changes in Pro-SNA induced by DNA degradation,
the intensity profiles from intact Pro-SNA (state A) and
degraded Pro-SNA (state B) were analyzed by a simplified
model. For comparison with measurements, intensity profiles

for model structures were simulated using the approach
outlined in section S3. This analysis (detailed below) validates
our hitherto implicit assumption that the transformation from
state A to state B corresponds to DNase I induced degradation
of all the DNA on the Pro-SNA. These degraded DNA
consequently distribute as small fragments in the solution.
First, the Cg catalase protein core was modeled as a

homogeneous ellipsoid with an electron density ρprot = 403 e−/
nm3 and semiaxes a = b = 5.05 nm and c = 3.5 nm (Figure 4A).
These parameters are averages derived from the atomic-scale
structure of Cg catalase [protein data bank (PDB ID 4B7F),
see also section S6]. For the analysis of all the scattered
intensity profiles, these structural parameters for the proteins
were held fixed. Additionally, the electron density for the
aqueous solvent was assumed to be identical to that for pure
water (ρs = 334 e−/nm3). A simulation based on the above
ellipsoid model reproduced the measured intensity profile from
the bare proteins (Figure 4B).
Second, we note that 40 DNA are tethered to the protein

core, but there are 60 surface amine sites on the protein for
linker and DNA attachment. To locate DNA attachment sites
on the protein surface, a generalized electrostatics-based
approach was adapted. We extended the Thomson problem49

for distributing charged points on a sphere to our ellipsoidal
geometry. We used a basin-hopping algorithm50 to minimize
the electrostatic potential energy associated with placing 40
unit point charges on the surface of the above-described
ellipsoidal protein core (Figure 4A, red dots). At each of these
sites, coupled cylinders corresponding to the linker and the
DNA were attached such that the long axes of these cylinders
were oriented along the ellipsoid’s local surface normal. On the
basis of our previous SAXS study,23 the linker length was set to
4.0 nm. Figure 4C compares the calculated intensity profile
based on the ellipsoid-cylinder model and the measured
intensity profile from intact Pro-SNA (state A). The simulated
profile is derived with linker and DNA radii and electron
densities (Rlink, RDNA) = (0.75, 1.0) nm, (ρlink, ρDNA) = (380,

Figure 4. (A) Ellipsoid model for the protein core of a Pro-SNA showing the points of DNA attachment (red). (B) Background subtracted
SAXS intensity profile of bare protein along with the simulation based on the ellipsoid model. (C and D) SAXS intensity profiles from states
A (intact Pro-SNA) and B (degraded Pro-SNA + degraded DNA), along with simulation curves generated using the ellipsoid-cylinder model
described in the text.
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440) e−/nm3, and DNA length LDNA = 5.0 nm. Apart from
exhibiting sharper intensity modulations, the simulated
intensity profile closely matches the overall shape, including
the positions of the extrema in the measured intensity profile
(Figure 4C). In particular, we note that the maximum at q ∼
0.7 nm−1 ∼ 2π/(LLinker + LDNA) reflects the total length of the
DNA and the linker, and the modulation with minimum at q ∼
3.8 nm−1 is due to the DNA cross-section (for details, see
Figure S8). The scattering profile from degraded Pro-SNA
(state B) can also be adequately described by using the same
radii and electron densities for the DNA and the linkers
(Figure 4D), but in this case all the DNA were (1) detached
from the Pro-SNA and (2) divided into fragments of length Lf

= 1.0 nm and dispersed in the solution. This fragment length
roughly corresponds to 3 base pairs (trimers) in the B-DNA
conformation (see also Figure S9). The division of DNA into
smaller fragments was also verified by mass spectrometry
analysis of the degraded Pro-SNA solution (section S7). We
note that our Lego-like Pro-SNA model consisting of
monodispersed linker and DNA cylinders tethered to an
ellipsoid protein is a very simplistic representation of the
complex Pro-SNA structure. In reality, the linker, DNA and the
protein have nonuniform electron densities, the flexible linker
may have a statistical distribution of sizes, and the linker and
DNA axes may exhibit a range of tilts with respect to the
protein surface normal. As a result, our simplified model yields
much sharper modulations in the calculated scattered intensity
profiles, especially for the case of intact Pro-SNA (Figure 4C).
For a more detailed discussion and other model-dependent
and model-independent analysis of the scattering profiles, see
section S8. Nevertheless, the simplified analysis shows that the
differences in the scattered intensity profiles from solutions
containing intact and degraded Pro-SNAs are consistent with
DNase I-mediated complete degradation of all the DNA on a
Pro-SNA.

Molecular Dynamics Simulations for Distribution of
Ions Surrounding Pro-SNA. A previously referenced
fluorescence study16 on DNase I-mediated degradation of
DNA-AuNP conjugates suggested that the ionic environment
associated with the highly charged DNA-functionalized
nanoparticles significantly impacts the DNase I activity. On
the basis of the indirect measurements on SNAs with different
DNA loading densities, it was hypothesized that the higher the
local concentration of monovalent cations (e.g. Na+), the
slower the DNA degradation rate.16 As a first step toward
understanding the correlation between the local ionic environ-
ment and the rate of degradation of DNA on nanoparticles, we
use molecular dynamics (MD) simulations to quantify the
distribution profiles of counterions surrounding intact Pro-
SNA under our experimental conditions. As previously noted,
the aqueous solution in experiments contained 10 mM Tris-
HCl, 0.5 mM CaCl2 and 2.5 mM MgCl2; these conditions were
approximately represented in the MD simulation. On the basis
of the input 10 mM Tris-HCl concentration, the pK for Tris-
HCl, and a pH of 7.6, the effective Tris·H+ concentration used
was 7.52 mM. Additionally, to maintain the electroneutrality of
the system, we further added 6.88 mM monovalent cations to
compensate the negative charge of 4 μM Pro-SNA. Taken
together, the simulation represented one Pro-SNA function-
alized with 40 linker-DNA strands (20 DNA base pairs each)
in implicit solvent and a total of 14.40 mM of monovalent
cations, 3 mM of divalent cations, and 13.52 mM of
monovalent anions, all explicitly represented using the
properties of Na+, Mg2+, and Cl−, respectively (Table S2).
The Pro-SNA model consisted of an ellipsoid with flexible
chains of coarse-grained beads representing the linker-DNA
strands, as shown in Figure 5A. This model is similar to that
used in the analysis of X-ray scattering profiles (Figure 4A and
associated text). The only difference was that instead of rigid
cylinders, the linkers and the DNA were modeled as chains

Figure 5. (A) MD simulation snapshot depicting the distribution of ions surrounding Pro-SNA. Contour maps for the angular-averaged
(over the azimuthal angle ϕ) distribution of (B) divalent (Mg2+) and (C) monovalent (Na+) counterions surrounding the Pro-SNA. The
color scale for ionic concentration in mM that is common to both B and C is placed at bottom, right. (D) Concentration profiles of Na+

(blue) and Mg2+ (red) as a function of distance R from the surface of the protein.
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with more detailed degrees of freedom (for details, see section
S9).
The primary output of interest from the MD simulation is

the ionic profiles surrounding the Pro-SNA. Figure 5 shows
these as heat maps of the distribution of divalent (Figure 5B)
and monovalent (Figure 5C) cations, averaged over the
azimuthal angle ϕ. The regions of high concentrations of
cations correspond closely to the shell of DNA surrounding the
protein. For easier comparison of the relative concentration of
the two cationic species, Figure 5D shows their angle−
averaged (over θ, ϕ) concentration profiles as a function of
distance (R) from the protein surface. MD simulations show
that the highest azimuthally averaged concentrations of mono-
and divalent cations within the DNA shell are approximately
109 and 143 mM, respectively (Figure 5D). Furthermore,
within the volume of the DNA shell, the Pro-SNA charge is
compensated ∼31% and ∼69% by mono- and divalent cations,
respectively. Thus, MD results predict that despite a nearly
4.8× higher concentration of monovalent cations in the
solution, the counterion cloud surrounding a Pro-SNA
contains a higher number of divalent cations (∼48%
monovalent and ∼52% divalent). In fact, in the proximity of
DNA strands, the fraction of divalent cations is even higher:
∼70% (Figure S11). We note that with such a counterion
distribution, the bulk mono- and divalent cation concen-
trations are reduced to 12.6 mM (originally 14.4 mM) and
only 0.738 mM (originally 3.0 mM), respectively (Figure 5D).
This large fraction of divalent cations in the neighborhood of

DNA and in the whole shell on average is qualitatively
expected: the association of one divalent cation with the Pro-
SNA releases two monovalent cations in the solution, resulting
in an increase in the entropy of the system. At the same time,
the spatial invariance of electrochemical potential for each
cation type requires some divalent cations to remain
distributed in the bulk solution, and a sufficiently large number
of monovalent ions to be distributed in the Pro-SNA shell (for
details, see Figure S11 and associated text). From the
perspective of the enzymatic reaction, the large number of
divalent counterions in the DNA shell on a Pro-SNA should
support the catalytic function of DNase I, leading to DNA
degradation. The MD-predictions for the distribution of
cations surrounding Pro-SNA can be experimentally verified
using anomalous small-angle X-ray scattering (ASAXS). We
have previously utilized ASAXS successfully for the case of
monovalent cation-Pro-SNA system.23 Our future ASAXS
studies will quantify the distribution profiles of mono- and
divalent cations surrounding Pro-SNA at varied concentrations
of ions, including those relevant to the biological applications
of Pro-SNA. Coupling with X-ray scattering studies on
enzymatic degradation of DNA on Pro-SNA under identical
conditions will allow us to correlate the rate constants for DNA
degradation and the local ionic environment.

CONCLUSIONS
Label-free solution X-ray scattering in conjunction with gel
electrophoresis, mass spectrometry and MD simulations was
used to quantitatively track the DNase I-mediated degradation
of DNA-based Pro-SNAs. X-ray scattering and gel electro-
phoresis show that at any time point in the reaction, the Pro-
SNAs exist in either intact or fully degraded states. Analysis of
X-ray scattering profiles reveals that the origin of this two-state
system lies in a reaction pathway consisting of a rate
determining slow DNase I-Pro-SNA association, proceeded

by a very fast degradation of all the DNA on the Pro-SNA. In
particular, the rate constant for the DNase I-mediated DNA
degradation is ∼5 orders of magnitude higher than the rate
constant for DNase I-DNA association. X-ray scattering and
mass spectrometry show that in the fully degraded Pro-SNA
state, the degraded DNA are detached from the protein surface
and dispersed in solution as small fragments. MD simulations
reveal that the counterion cloud associated with the DNA shell
on a Pro-SNA consists of 1.09× more divalent cations than
monovalent cations even though the solution had a 4.8×
abundance of monovalent cations, in the prototypical solution
conditions used. The large number of divalent counterions in
the DNA shell is expected to support the catalytic function of
DNase I, leading to fast DNA degradation. Overall, our
measurements and analysis yield insights into the nanoscale
structure of Pro-SNA and the reaction pathway for enzyme-
induced DNA degradation that are inaccessible by conven-
tional fluorescence-based nuclease assays. The findings
demonstrate that it is possible to determine the physiological
stability of different DNA sequences to a variety of enzymes in
different conditions by using the Pro-SNA platform, which can
be designed in different configurations to access the desirable
probes.

METHODS
Synthesis of Pro-SNAs. All the DNA used for this study was

synthesized on an ABI 392/394 automated DNA synthesizer on
controlled pore glass (CPG) supports. Two DNA sequences were
synthesized: a dibenzocyclooctyne (DBCO) terminated strand that
was covalently attached to the protein (sequence 5′ DBCO dT-
(Sp18)2GTTCCTCGACCTTCCGACCC-3′; Sp18 refers to a hexa-
ethylene glycol spacer) and a complementary strand used for
duplexing the DBCO modified DNA on the protein (sequence 5′-
GGGTCGGAAGGTCGAGGAAC-3′). All the phosphoramidites and
reagents used for the DNA synthesis were purchased from Glen
Research. Catalase from Corynebacterium glutamicum (Sigma-Aldrich,
product number 02071) was modified with DNA using previously
described methods.8 Briefly, catalase was exchanged into a
bicarbonate buffer (100 mM NaHCO3, 0.5 M NaCl, pH 9.0) using
Millipore Amicon ultra centrifugal filter units, following which the
surface accessible amines on the protein were converted into azides by
reacting the protein with a ∼3000-fold excess of tetraethylene glycol
linkers containing an N-hydroxy-succinimide (NHS) ester and an
azide group on opposing termini (Thermo Scientific, catalog number:
26130). The reaction between the linkers and protein was allowed to
proceed for 2 h at 25 °C while shaking at 1000 rpm on a Benchmark
Multitherm shaker. The azide-labeled protein was then purified by five
rounds of ultracentrifugation. The number of azide labels per protein
was determined through MALDI mass spectrometry (Bruker
Autoflex) by comparing the molecular weight of a native Catalase
protein to that of an azide-modified protein and using the fact that
each azide label adds 274 Da to the weight of the protein. The
concentration of the protein was determined using UV−vis
spectroscopy and the known molar extinction coefficient of the
protein at 405 nm (ε405 = 324 000 M−1 cm−1).8 The azide labeled
proteins were then exchanged into PBS (0.5 M NaCl) by
ultracentrifugation and functionalized with DBCO terminated DNA
using a cycloaddition reaction (Cu-free “click chemistry”) between
the azide groups on the surface of the protein and the DBCO moieties
on the 5′ termini of the DNA. Typical reactions contained 1 μM
protein and 300 μM DNA and were allowed to proceed for 3 days at
25 °C, while shaking at 1000 rpm on a Benchmark Multitherm shaker.
The unreacted DNA was removed by 10 rounds of ultra-
centrifugation. The number of DNA strands per protein was
quantified by UV−vis spectroscopy using the known molar extinction
coefficients of the protein and DNA (ε260 = 170 500 M−1 cm−1). To
hybridize the single-stranded DNA on the protein, complementary
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DNA of the indicated sequence were added to the DNA
functionalized proteins at a 100-fold excess relative to the protein
concentration. The DNA modified proteins were then purified and
exchanged into the DNase I reaction buffer (10 mM Tris-HCl, 2.5
mM MgCl2, 0.5 mM CaCl2, pH 7.6) to a final concentration of 0.5−4
μM. The DNase I used for the enzymatic degradation reactions was
obtained from New England BioLabs (catalog no. M0303S). DNase I
was added at a final concentration of 43−167 nM to the Pro-SNA
solution just before the X-ray measurements.
X-ray Scattering Measurements. In situ X-ray scattering

measurements were conducted at Sector 5ID-D of the Advanced
Photon Source at Argonne National Lab using 15 keV X-rays. The
incident flux was ∼1011 photons/s, and the X-ray spot size at the
sample was 0.25 × 0.25 mm2. All the measurements were performed
on samples held in a 1.5 mm diameter quartz capillary, which was
housed in an in vacuum flow cell to minimize air scattering. In
addition, the entire beam path was also placed under vacuum. Three
CCD detectors placed at different distances from the sample position
allowed simultaneous collection of SAXS/WAXS data over q ∼ 0.02−
39.3 nm−1. The incident and transmitted beam intensities were
monitored by an ion chamber placed before the flow cell and a
cadmium tungstate scintillating crystal followed by a pin diode
embedded in the beam stop, respectively. For time course X-ray
scattering measurements, DNase I was added to a sample of the Pro-
SNA dispersed in the reaction buffer contained in a 1.5 mL Eppendorf
tube. The tube was loaded into a sample stage. For each X-ray
scattering measurement, 80 μL of the Pro-SNA-DNase I reaction
mixture was pulled up into the capillary tube. To prevent radiation
damage, the samples were continuously flowed through the capillary
during the measurements at a flow rate of 4 μL/s (∼2.25 mm/s). To
improve statistics, 5 frames were collected per sample with an
exposure time of 3 s/frame. All the measurements were performed at
room temperature using the same capillary tube. After the
measurement the 80 μL sample was discarded and the capillary was
washed thoroughly with pure water, bleach and sodium hydroxide. In
between subsequent measurements from the DNase I-Pro-SNA
samples, scattering from empty capillary, pure water and the reaction
buffer was recorded to ensure that the background level did not
change by more than 2% due to sticking of the particles to the
capillary walls. The 2D SAXS patterns were converted into 1D
intensity profiles through azimuthal integration while taking into
account the solid-angle, flat-field transmission and polarization
corrections. The patterns were also normalized according to exposure
time. Depending on the sample, SAXS profiles from the capillary
containing water or the buffer solution, or the buffer solution with
DNase I were used for background subtraction. The data were
converted to an absolute intensity scale using established
procedures.51 Briefly, the intensity profiles from pure water (differ-
ence between scattering profiles from capillary with pure water and
empty capillary) were fitted to straight lines. The intercept of these
best fit lines was set to 0.0165 cm−1, which is the absolute intensity
(scattering cross section/volume) for water at 25 °C. The sample data
were then scaled accordingly.
Gel Electrophoresis Measurements (SDS PAGE). For the

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS
PAGE) measurements, 43 nM DNase I was added to 1 μM Pro-SNA
dispersed in the reaction buffer. After 30 and 45 min, 20 μL of the
reaction mixture was diluted with 20 μL of Laemmli sample buffer
(2×, Sigma-Aldrich), and dithiothreitol (DTT) was added to a final
concentration of 100 mM in 50 μL. The sample was then placed in a
PCR tube and heated at 85 °C for 10 min. The DTT, SDS, and the
application of heat denature the proteins and linearizes them. Samples
of the native catalase protein, pure Pro-SNA, and pure DNase I were
prepared in the same manner. These samples were then run on a
precast 4−15% protein gel (Bio-Rad, product number 4561084) with
Tris-Glycine-SDS running buffer (Sigma-Aldrich). A Precision Plus
Protein Standard (Bio-Rad, product number 1610373) was loaded
into the second lane of the gel, while the native catalase, intact Pro-
SNA, 30 and 45 min. Pro-SNA-DNase I reaction mixtures and pure
DNase I were loaded into the third, fourth, fifth, sixth, and seventh

lanes of the gel, respectively. The gel was then installed into the
electrophoresis apparatus (Bio-Rad Mini-PROTEAN Tetra Cell) with
a buffer dam and run at 200 V for 30 min. The gel was then washed
and stained using SimplyBlue SafeStain (Thermo Fisher) and imaged
on a FluorChem Q imaging system (Alpha Innotech) using
Transwhite excitation and EBr emission. The focus and exposure
were adjusted, and an image of the gel was acquired.
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