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Abstract 16 
 17 
The antimicrobial activity and mechanism of silver ions (Ag+) have gained broad attention in recent 18 
years. However, dynamic studies are rare in this field. Here, we report our measurement of the 19 
effects of Ag+ ions on the dynamics of histone-like nucleoid structuring (H-NS) proteins in live 20 
bacteria using single-particle tracking photoactivated localization microscopy (sptPALM). It was 21 
found that treating the bacteria with Ag+ ions led to faster diffusive dynamics of H-NS proteins. 22 
Several techniques were used to understand the mechanism of the observed faster dynamics. 23 
Electrophoretic mobility shift assay on purified H-NS proteins indicated that Ag+ ions weaken the 24 
binding between H-NS proteins and DNA. Isothermal titration calorimetry confirmed that DNA and 25 
Ag+ ions interact directly. Our recently developed sensing method based on bent DNA suggested 26 
that Ag+ ions caused dehybridization of double-stranded DNA (i.e., dissociation into single 27 
strands). These evidences led us to a plausible mechanism for the observed faster dynamics of 28 
H-NS proteins in live bacteria when subjected to Ag+ ions: Ag+-induced DNA dehybridization 29 
weakens the binding between H-NS proteins and DNA. This work highlighted the importance of 30 
dynamic study of single proteins in the live cells for understanding the functions of antimicrobial 31 
agents to the bacteria. 32 
  33 
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Importance 34 
 35 
As “superbug” bacteria resistant to commonly prescribed antibiotics become a global threat to the 36 
public threat in recent years, noble metals, such as silver, in various forms have been attracting 37 
broad attention due to their antimicrobial activities. However, most of the existing literature relied 38 
on the traditional bioassays for studying the antimicrobial mechanism of silver; in addition, 39 
temporal resolution is largely missing for understanding the effects of silver the molecular 40 
dynamics inside the bacteria. Here, we report our study on the antimicrobial effect of silver ions 41 
at the nanoscale on the diffusive dynamics of histone-like nucleoid structuring (H-NS) proteins in 42 
live bacteria using single-particle tracking photoactivated localization microscopy. This work 43 
highlights the importance of dynamic study of single proteins in the live cells for understanding 44 
the functions of antimicrobial agents to the bacteria. 45 
 46 
 47 
 48 
 49 
 50 
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Introduction 53 
 54 
Due to the rise of antibiotic resistance of bacteria (1), alternatives to traditional antibiotics have 55 
been attracting broad interest and attention toward fighting against bacterial infections (2, 3). A 56 
promising candidate among the available alternatives is silver (Ag), which has long been known 57 
and used as an antimicrobial agent, dating back as far as ancient Greece, the Roman Empire, 58 
and Egypt (4). In the past decades, the potent antimicrobial properties of Ag have been revisited 59 
in various forms such as ions, surfaces, and nanoparticles, and exciting progresses have been 60 
made (5–16). For example, it has been reported that damages in bacteria caused by Ag are 61 
multimodal, including DNA condensation and damage, free radical generation (ROS), and loss of 62 
ATP production (17–22). However, the exact mechanism underlying the antimicrobial activity of 63 
Ag remains not fully understood (17). Most of the existing literature relied on the traditional 64 
bioassays for the mechanistic studies. Little effort has been made in studying the molecular 65 
dynamics inside the bacteria; therefore, temporal resolution for understanding the damages in 66 
bacteria caused by Ag is still missing (17). 67 
 68 
In this work, we used super-resolution fluorescence microscopy (23–26) in combination with 69 
single-particle tracking (27–33) to investigate and understand the effects of Ag+ ions on the 70 
dynamic diffusion of individual proteins at the molecular level in live E. coli bacteria. The protein 71 
in this study is the histone-like nucleoid-structuring (H-NS) protein (34), which was chosen for the 72 
following three reasons. First, the H-NS protein is an essential protein in E. coli, as determined 73 
by Gerdes et al. (35), and serves as a universal negative regulator, regulating (mostly negatively) 74 
~5% of the bacterial genome (34, 36) (Fig. 1a). Second, the H-NS protein is tightly associated 75 
with various biological processes in the bacteria that respond to damages due to Ag, such as 76 
modulating the synthesis and stability of RpoS – a central protein/regulator for general stress 77 
responses  (37–39), compacting DNA and cause DNA condensation (40, 41), modulating the 78 
production of deoxyribonucleotides and synthesis of DNA (42), and enhancing the cellular 79 
defenses against ROS (37). Third, connections between H-NS proteins and antimicrobial effects 80 
of Ag+ ions have been reported in the literature. For example, a recent study based on chemical 81 
genetic screening showed that deletion of the hns gene led to higher sensitivity of the bacteria 82 
when subjected to Ag+-treatment (43). Also, nanoscale spatial reorganization of H-NS proteins 83 
has been observed to form denser and larger clusters in bacteria subjected to Ag+-treatment (44). 84 
 85 
Using single-particle tracking photoactivated localization microscopy (sptPALM, Fig. 1b) (27, 28)  86 
with a spatial resolution of 20 nm and a temporal resolution of 45 ms, we observed that treating 87 
the bacteria with Ag+ ions led to faster dynamics of H-NS proteins. While the motion of H-NS 88 
proteins in live bacteria after Ag+-treatment remains sub-diffusive, the generalized diffusion 89 
coefficient of H-NS proteins increased when the bacteria were exposed to Ag+ ions for longer 90 
period of time. Analyzing the step sizes of the diffusion of H-NS proteins showed that treatment 91 
with Ag+ ions caused higher instantaneous velocities of this proteins. To understand the 92 
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mechanism of the observed faster dynamics of H-NS, electrophoretic mobility shift assay was 93 
performed with purified H-NS proteins and double-stranded DNA. It was found that Ag+ ions 94 
weaken the binding between H-NS proteins and the DNA. Measurements with isothermal titration 95 
calorimetry suggested that Ag+ ions directly interact with DNA. Furthermore, we examined the 96 
effect of the DNA-Ag interaction, using our recently developed sensors based on bent DNA 97 
molecules, and found that Ag+ ions induced dehybridization of double-stranded DNA (i.e., 98 
dissociation into single strands). Based on these evidences, we provided a plausible mechanism 99 
for the faster dynamics of H-NS proteins in live Ag-treated bacteria. This work presents a dynamic 100 
study at the molecular level – with both high spatial resolution and temporal resolution – on the 101 
antimicrobial mechanism of Ag+ ions. It is an important milestone for furthering our understanding 102 
the interactions of Ag to bacteria in motion quantitatively.  103 
 104 

Results 105 
 106 
Faster diffusive dynamics of H-NS proteins in live bacteria caused by Ag+ 107 

ions 108 
 109 
Single-particle tracking photoactivated localization microscopy (sptPALM) was used to monitor 110 
the dynamic diffusion of H-NS proteins in live E. coli, as illustrated in Fig. 1b and described in 111 
“Methods” (32). Two representative movies (excerpts) from the sptPALM experiments are shown 112 
in the Supplementary Information (Movies M1 and M2). Examples of diffusive trajectories of H-113 
NS proteins in individual untreated bacteria in an area of 8x8 µm2 were shown in Fig. 1c. The 114 
lengths of the H-NS trajectories are not apparently affected by Ag+-treatment, with an average 115 
length of ~3 frames and maximum lengths above 100 frames (Fig. S1). From the trajectories, the 116 

ensemble mean-square-displacements (eMSD), ⟨Δ𝑟2(𝜏)⟩ = ⟨(𝒓(𝑡 + 𝜏) − 𝒓(𝑡))
2

⟩, were calculated 117 

as shown in Fig. 1d, where the error bars (smaller than the symbols in some cases) represented 118 
the standard errors of the means (SEM) (32). It is noted that short trajectories were not removed 119 
in the calculations of eMSD calculations for two reasons. First, the determination of the cutoff 120 
lengths for “short” trajectory is arbitrary and prone to human bias. Second, although short 121 
trajectories affect the accuracy for calculating the individual MSD (iMSD) from single trajectories 122 
for single molecules, the eMSD is expected to be unaffected due to the ensemble averaging. 123 
 124 
We observed that the eMSD curves for H-NS proteins in the treated bacteria were higher 125 
compared to the untreated ones (Fig. 1d), suggesting that the diffusive dynamics of H-NS proteins 126 
in live bacteria became faster after treatment with Ag+ ions, as the eMSD is positively related to 127 
the diffusion coefficient, ⟨Δ𝑟2(𝜏)⟩ = 4𝐷𝜏𝛼 in 2D, where 𝐷 is the generalized diffusion coefficient 128 
and 𝛼 is the anomalous scaling exponent. This observation can be confirmed in the log-log plots 129 
of the eMSD curves (inset of Fig. 1d), where the y-intercepts represent the diffusion coefficients 130 
and the slopes indicate the anomalous scaling exponent 𝛼 as log⟨Δ𝑟2⟩ = log 4𝐷 + 𝛼 ⋅ log 𝜏. The 131 
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eMSD curves were shifted upwards for treated bacteria, showing higher y-intercepts and 132 
confirming that the generalized diffusion coefficients of the H-NS proteins were higher in bacteria 133 
treated with Ag+ ions. In contrast, we observed that the anomalous scaling exponent 𝛼 was not 134 
significantly affected by the treatment with 10 µM Ag+ ions, as the slopes of eMSD curves in the 135 
log-log scale were similar for the untreated and Ag+-treated bacteria (~0.5, inset of Fig. 1d).  136 
 137 
To quantify the faster diffusive dynamics caused by Ag+ ions, we fitted the eMSD data using 138 
⟨Δ𝑟2⟩ = 4𝐷𝜏𝛼 and obtained the fitted generalized diffusion coefficients for the untreated bacteria 139 
and bacteria treated with 10 µM Ag+ ions for 2, 4, 6, and 8 hr. It is noted that our previous results 140 
showed that treating E. coli with Ag+ ions at 10 µM extended the lag time of the bacterial culture, 141 
while the growth rate remained the same (44, 45). As shown in Fig. 1e, the diffusion coefficient 142 
steadily increased as the treatment time increased. Fitting the data with a linear line suggested 143 
that the diffusion coefficient increased [(3.5 ± 0.5) × 10−4 µm2/s per hour]. After 8 hr, a significant 144 
increase of 56% in the diffusion coefficient was observed. We point out that, as the concentration 145 
of the added Ag+ ions (10 µM) is too low compared to the ionic strength of the medium (~100 mM 146 
Na+/K+ and 2 mM Mg2+), simple ionic effects cannot result in the observed increase of the diffusion 147 
coefficient. 148 
 149 
To further examine the faster dynamics of H-NS proteins in live bacteria, we estimated the 150 

instantaneous velocities of the proteins from the trajectories using 𝒗(𝑡) =
Δ𝒓(𝑡)

Δ𝑡
, where Δ𝒓 is the 151 

displacement and Δ𝑡 is the time interval between adjacent data points in the trajectories. Note 152 
that, as we used a memory of 1 frame (Mem = 1) when linking trajectories, Δ𝑡 could be either 45 153 
ms (time interval between adjacent frames) or 90 ms. The histograms of the x- and y-components 154 
of the instantaneous velocities (𝑣𝑥 and 𝑣𝑦) are shown in Fig. 1f and 1g. Similar to our previous 155 
observations (32), the distributions of the velocities deviated from the Gaussian distribution at 156 
higher velocities, confirming the abnormality of dynamic diffusion of H-NS proteins in live bacteria. 157 
Further, we observed that the fraction of larger velocities was higher after subjecting bacteria to 158 
Ag+ ions compared with the untreated bacteria (Figs. 1f and 1g). This observation suggested that, 159 
upon Ag+-treatment, the probability of H-NS proteins travelling with larger velocities increased. 160 
Our previous study suggested that the deviation of the distribution of the instantaneous velocities 161 
from the Gaussian distribution is likely due to H-NS proteins' binding/unbinding on DNA (32). 162 
Therefore, the observed changes in the velocity distributions suggested that treating live bacteria 163 
with Ag+ ions probably affected the binding of H-NS proteins on DNA. 164 
 165 
Two parameters are important for identifying and linking trajectories of molecules: the maximum 166 
displacement that a particle can move between frames (Maxdisp) and the maximum number of 167 
frames during which a particle can vanish (the memory or Mem) (27–33). To assess the 168 
robustness of the observations, we used different values for these two parameters (Maxdisp 169 
ranging from 400 to 560 nm, and Mem ranging from 0 to 2). We observed that results with the 170 
different parameters (Fig. S2, S3 and S4) were similar to the ones using Maxdisp = 480 nm and 171 
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Mem = 1 (shown in Fig. 1). Therefore, the observation of the faster diffusion of H-NS proteins 172 
caused by Ag+ ions is robust. 173 
 174 
Weaker binding of H-NS proteins on DNA due to Ag+ ions 175 
 176 
The observed faster dynamics of H-NS proteins due to Ag+-treatment led to a hypothesis that Ag+ 177 
ions promoted dissociation of H-NS proteins from the chromosomal DNA of the bacteria. To test 178 
this hypothesis, we expressed and purified H-NS proteins (with a purity of ~50% based on 179 
quantification using PAGE gel electrophoresis) and performed in vitro electrophoretic mobility shift 180 
assay (EMSA) (46). Representative gel images showing the bands of unbound DNA are 181 
presented in Fig. 2a. In each gel, the concentration of DNA was fixed, and the concentration of 182 
H-NS proteins increased from 0 to 433 µM (from left to right). The concentration of Ag+ ions 183 
changed in different gels, ranging from 0 to 1 mM (Fig. 2a). In the absence of Ag+ ions (0 mM), 184 
the amount of unbound DNA decreased steadily as the concentration of H-NS proteins increased, 185 
indicating the binding of H-NS proteins to the double-stranded DNA. The bands for the unbound 186 
DNA almost disappeared for the last two lanes (corresponding to 346 and 433 µM, respectively). 187 
In contrast, the bands of unbound DNA at the same concentration of H-NS proteins showed higher 188 
intensities in the presence of Ag+ ions (Fig. 2a). 189 
 190 
We quantified the intensities of the unbound DNA bands, from which the percentages of unbound 191 

DNA were calculated, 𝑝𝑢(𝑐) =
𝐼(𝑐)

𝐼(0)
, where 𝐼(𝑐)  is the intensity of unbound DNA band in the 192 

presence of H-NS proteins at a concentration of 𝑐 and 𝐼(0) is the intensity of unbound DNA band 193 
without H-NS proteins on the same gel. At constant concentrations of Ag+ ions (i.e., comparing 194 
bands in the same gel in Fig. 2a), the percentage of unbound DNA decreased linearly as the 195 
concentration of H-NS proteins increased (Fig. 2c), confirming the binding of H-NS proteins on 196 
DNA. At constant concentrations of H-NS proteins (i.e., comparing bands in the last lanes of 197 
different gels in Fig. 2a), the percentage of unbound DNA increased steadily as the concentration 198 
of Ag+ went up from 0 to 1 mM (Fig. 2b). In other words, Ag+-treatment led to less DNA to be 199 
bound by the H-NS proteins. 200 
 201 
It is worthwhile to point out a key difference between our EMSA assay and conventional EMSA 202 
assays commonly used in the literature (46–48): the concentrations of DNA and proteins were 203 
not around the dissociation constant (𝐾𝐷). The rationale for our non-conventional EMSA assay is 204 
three-fold. First, the conventional EMSA assay is not suitable for our purpose in this study. Instead 205 
of measuring the absolute binding affinity between H-NS proteins and DNA (usually reported by 206 
the dissociation constant), it was desired to compare the effect of Ag+ ions on the binding affinity. 207 
Therefore, the experiments were designed so that all the conditions (i.e., the concentrations of 208 
DNA and proteins), except the concentration of Ag+ ions, were kept constant. Second, the kinetics 209 
from the binding reaction equation is valid and can be analytically solved for the concentrations 210 
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of DNA and proteins that are far from 𝐾𝐷. For the binding of H-NS proteins (P) on DNA (D), D + 211 
P ⇌ DP, the concentration of unbound DNA is simply  212 

[𝐷] =
1

2
 ([𝐷]0 − [𝑃]0 − 𝐾𝐷) +

1

2
 √([𝐷]0 + [𝑃]0 − 𝐾𝐷)2 − 4[𝐷]0[𝑃]0  , 213 

where [𝐷]0 and [𝑃]0 are the initial concentrations of DNA and proteins, respectively. Third, the 214 
binding reaction equation predicts that the dependence of the amount of unbound DNA [𝐷] on 215 
the initial concentration of proteins [𝑃]0 (low enough) is roughly linear (in linear scale) for a wide 216 
range of dissociation constants 𝐾𝐷, [𝐷] ≈ [𝐷]0 − 𝑘 [𝑃]0 (Fig. S5a). Although an analytical relation 217 
between 𝑘 and 𝐾𝐷 is not trivial, this parameter 𝑘 is negatively related to the dissociation constant 218 
𝐾𝐷 (the higher 𝐾𝐷 is, the lower 𝑘 is, as shown Fig. S5b). As a result, the negative slopes 𝑘 could 219 
be used to equivalently report the binding affinity of H-NS proteins on DNA. The negative slopes 220 
𝑘 were extracted by fitting the EMSA data with lines (Fig. 2c). We observed that 𝑘 decreased as 221 
the concentration of Ag+ ions increased (Fig. 2d). This observation suggested that the dissociation 222 
constant 𝐾𝐷  increased at higher concentration of Ag+ ions, again indicating that Ag+ ions 223 
weakened the binding of H-NS proteins on duplex DNA. 224 
 225 
Dehybridization of bent duplex DNA induced by Ag+ ions 226 
 227 
Our results showed that Ag+ ions interact weaken the binding of H-NS proteins on double-228 
stranded DNA. A further question is how Ag+ ions affect the binding between DNA and H-NS 229 
proteins. It is possible that both DNA and H-NS interact with Ag+ ions, as suggested by the 230 
previous studies. First, DNA has also been reported to interact with Ag+ ions. In addition to the 231 
electrostatic interactions, Ag+ ions bind to cytosine–cytosine (C–C) mismatching base pair 232 
selectively (49–51) and possibly result in chain-slippage (52). Second, it has been reported that 233 
Ag+ ions interact with thiol groups in proteins (e.g., cysteine) and peptides containing motifs of 234 
HXnM or MXnH (H – histidine, M – methionine, X – other amino acids) (53–55). On the other hand, 235 
the H-NS protein does not contain any HXnM or MXnH motifs but has a single cysteine in the 236 
dimerization domain, instead of the linker and DNA-binding domain (36, 56); therefore, the 237 
interaction of H-NS and Ag+ ions is expected to minimally affect the binding of the protein on DNA. 238 
Based on these previous results, we hypothesize that Ag+ ions affect the DNA hybridization, 239 
resulting in partial dehybridization (i.e., dissociation of double-stranded DNA into single strands), 240 
or tendency towards dehybridization, and weakening the binding between DNA and H-NS 241 
proteins. 242 
 243 
Direct interaction between DNA and Ag+ ions was confirmed by isothermal titration calorimetry 244 
(ITC) using short linear double-stranded DNA of 25 base pairs. Isothermogram representing the 245 
Ag+-DNA binding suggest that the metal ions interact with DNA albeit weakly (Fig. 3A). The Ag+-246 
DNA is exothermic and proceeds with modest evolution of heat. The heat exchanges of first few 247 
injections were observed more than four times of that of the controls (Figs. 3B – 3D) and then 248 
decrease to reach plateau at ~25 injections (Fig. S6). Although the two strands are fully 249 
complementary to each other, four possible C-C mis-pairs may be formed by one-base-slippage, 250 
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mediated by Ag+ ions. Therefore, this result seems to corroborate with the number of possible 251 
mis-pair C-C in the DNA (49–51). Fitting the ITC data using the one set of sites binding model 252 
(i.e., assuming all the binding sites on the DNA to Ag+ ions are equal and have the same binding 253 
affinity) gave a binding constant of 𝐾 = (5.29 ± 3.37) × 104  M-1, indicating a weak interaction 254 
between the Ag+ ions and the DNA, and a heat change of Δ𝐻 = −12.63 ± 3.66  kcal/mol, 255 
confirming that the binding of Ag+ ions on the DNA was an exothermic process (Fig. S6). It is 256 
noted that the non-specific electrostatic interactions between the negatively charged DNA and 257 
the Ag+ cations (57) are expected to contribute to the ITC results, which complicate the further 258 
quantitative analysis of DNA-ion interactions (58). 259 
 260 
Next, we attempted to directly probe the dissociation of double-stranded DNA into single strands 261 
induced by Ag+ ions, which remains a challenge for two reasons. First, direct interactions between 262 
Ag+ ions and DNA might not be strong enough to open up the double strands under normal 263 
conditions. Second, there exist competing effects of Ag+ ions, including electrostatic interactions 264 
between positively charged Ag+ ions and negatively charged DNA, which are expected to stabilize 265 
the double-stranded DNA. As a result, Gogoi et al. ran gel electrophoresis on plasmid DNA from 266 
Ag-treated bacteria but no direct effects were observed (59). In addition, when we treated short, 267 
linear, double-stranded DNA with Ag+ ions at concentrations ranging from 0 to 90 µM, we did not 268 
observed any dehybridization of the linear double-stranded DNA (Fig. 4b) and the intensities for 269 
the bands of the double-stranded DNA did not change significantly (red squares in Fig. 4d) (60). 270 
 271 
To overcome this challenge to test our hypothesis, we exploited our recently developed method 272 
using bent DNA molecules (60). In this method, two single strands of DNA of different lengths (45 273 
bases and 30 bases) form a circular bent DNA molecule upon hybridization (61–67) (Fig. 4a). 274 
Stresses in the circular DNA due to the bending of the double-stranded segment make the 275 
molecule more prone to perturbations and thus “amplifier” interactions between the DNA with 276 
other molecules (60). The rationale of using the bent DNA molecules is three-fold. First, this new 277 
method can amplify weak interactions between DNA and other molecules, and thus it makes it 278 
easier to detect the possible interactions (60). Second, the possible DNA dehybridization induced 279 
by Ag+ ions may be directly and conveniently visualized by gel electrophoresis. Third, it has been 280 
reported that H-NS proteins bind to curved DNA and H-NS proteins facilitate bridging of DNA 281 
strands (47, 68, 69); therefore, bent DNA might mimic the natural DNA that H-NS proteins bind in 282 
live bacteria more effectively than linear DNA. 283 
 284 
We observed that Ag+ ions caused the intensity of the bent DNA band to decrease (Fig. 4c). 285 
Additionally, bands ahead of the bent DNA band showed up in the presence of Ag+ ions (indicated 286 
by the green triangle in Fig. 4c). On the same gel, we included a lane for the longer single-287 
stranded DNA (45 bases) and found that the bands appeared in the presence of Ag+ ions matched 288 
with this single-stranded DNA band very well, suggesting that Ag+ ions led to dehybridization of 289 
the circular bent DNA. It is worthwhile to note that the dehybridization of the bent DNA was 290 
observed at a concentration of Ag+ ions as low as 10 µM (Fig. 4c). The observations were 291 
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quantified by measuring the intensities of the bands in Fig. 4c, which were normalized to the 292 
intensity of the bent DNA band in the absence of Ag+ ions. The intensities of the bands for the 293 
bent double-stranded DNA (𝐼𝐷) decreased steadily as the concentration of Ag+ ions increased, 294 
while the intensities of the bands for the single-stranded DNA (𝐼𝑆) increased after Ag+-treatment. 295 
 296 
We further estimated the percentage of dehybridization of the bent DNA caused by Ag+ ions using 297 

𝜙𝑑ℎ  =
𝛽 𝐼𝑆

𝛽 𝐼𝑆 + 𝐼𝐷
, where 𝛽 is a correction factor to account for differences in the staining efficiencies 298 

of Sybr Safe dyes for double-stranded DNA and single-stranded DNA, respectively. This factor 299 
was measured in a previous study and ranged from 0.4 to 1.1 (70). Following Ref. (70), we 300 
experimentally measured this correction factor by staining both bent double-stranded DNA and 301 
single-stranded DNA on the same gel (left-top inset of Fig. 4e). We varied the amount of single-302 
stranded DNA (SS bands) but kept the amount of bent double-stranded DNA (B band) constant. 303 
From the fluorescence intensity (𝐼𝑠𝑠) of bands of single-stranded DNA stained by Sybr Safe as a 304 
function of their amount (𝑥𝑠𝑠 ), we obtained a “calibration” curve (Fig. 4e). Interestingly, the 305 
fluorescence intensity was not linear to the amount of single-stranded DNA, presumably due to 306 
the background intensities of the gel. Instead, the “calibration” curve could be fitted well with a 307 
power-law, 𝐼𝑠𝑠 = 𝐴 × 𝑥𝑠𝑠

𝜈 , which could be seen more clearly from the log-log plot (Fig. 4e). The 308 
fitting resulted in 𝜈 = 0.69 ± 0.02 (Fig. 4e). From the fitting, we estimated the “equivalent” amount 309 
of the bent double-stranded DNA at 10 pmol from its intensity (Fig. 4e). By comparing the 310 
“equivalent” amount and the actual amount of the bent double-stranded DNA, we determined that 311 
the correction factor in our experiments was 𝛽 ≈ 0.52, which fell in the previously reported range 312 
of [0.4, 1.1] (70). Using the measured correction factor, we estimated the percentage of 313 
dehybridization 𝜙𝑑ℎ at different concentrations of Ag+ ions and observed that 𝜙𝑑ℎ was roughly 314 
linear to the concentration of Ag+ ions, with a slope of [(0.440.03)% per µM] (Fig. 4f). We also 315 
note that the linear dependence was robust. For example, when we varied the correction factor 316 
from 0.4 to 1.1, the 𝜙𝑑ℎ-vs-[Ag+] plots remained linear for different correction factors (Fig. 4g). On 317 
the other hand, the slopes varied from [(0.380.02)% per µM] for 𝛽=0.4 to [(0.610.04)% per µM] 318 
for 𝛽=1.1. 319 
 320 
A plausible mechanism for the faster dynamics of H-NS proteins caused by 321 

Ag+ ions 322 
 323 
Based on our experimental results and analyses using various biological assays, we proposed 324 
the following mechanism for the effects of Ag+ ions on the diffusive dynamics of H-NS proteins in 325 
live bacteria. The Ag+ ion interaction with DNA leads to a tendency of dehybridization (or a partial 326 
dehybridization) of double-stranded DNA (Figs. 5a and 5b). The partial dehybridization is likely 327 
amplified in the segment of the curved DNA where H-NS proteins preferably bind, and therefore 328 
weakens the binding of H-NS proteins on the bacterial genome. The weakened binding results in 329 
an increasing fraction of unbound H-NS in the bacteria (Figs. 5b and 5c). As unbound H-NS 330 
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proteins diffuse faster than the bound ones, the overall diffusive dynamics of H-NS proteins 331 
became faster after Ag+-treatment. 332 
 333 

Discussion and Conclusion 334 
 335 
We used super-resolution fluorescence microscopy in combination with single-particle tracking to 336 
investigate the diffusive dynamics of H-NS proteins in live bacteria treated with Ag+ ions. We 337 
observed that Ag+-treatment led to faster dynamics of H-NS proteins: while the motion of H-NS 338 
proteins remains sub-diffusive, the generalized diffusion coefficient of H-NS proteins increased 339 
upon exposure to Ag+ ions. To understand the mechanism of the observed faster dynamics of H-340 
NS, electrophoretic mobility shift assay was performed in vitro with purified H-NS proteins and 341 
double-stranded DNA. It was found that Ag+ ions weaken the binding between H-NS proteins. 342 
With isothermal titration calorimetry, we confirmed that DNA and Ag+ ions interact directly. 343 
Furthermore, we examined the effect of the DNA-Ag interaction using our recently developed 344 
sensors based on bent DNA molecules, and found that Ag+ ions caused dissociation of double-345 
stranded DNA into single strands. Our results suggest a plausible mechanism for the faster 346 
dynamics of H-NS proteins in live bacteria when subjected to Ag+ ions due to Ag+-induced DNA 347 
dehybridization. 348 
 349 
The observed faster diffusion of H-NS proteins in bacteria upon exposure to Ag+ ions was 350 
unexpected because the metal ion, due to its antimicrobial effects, is likely to reduce the metabolic 351 
rate of bacteria, lower the fluidity of bacterial cytoplasm, and slow down the diffusion of proteins 352 
in bacterial cytoplasm (71). Similar effects with other antibiotics have been observed previously 353 
(29, 71, 72). However, due to the specific functions of H-NS proteins (e.g., binding to DNA) (34), 354 
the change in the diffusion of H-NS proteins was opposite to expectations upon exposure to Ag+ 355 
ions. This unexpected observation raises awareness in the field of understanding of the material 356 
and physical properties of biological systems at the cellular level. As many current studies on the 357 
mechanical properties of bacterial and cellular cytoplasm are based on monitoring the motion and 358 
diffusion of tracers (proteins or other molecules/particles) in the organisms of interest (71–82), it 359 
is important to pay close attention to the function of these tracer molecules/particles. As evidenced 360 
in the literature, molecules with different functions display different diffusive behaviors in E. coli 361 
bacteria (32, 71–80), which would be translated to the differences in the material properties of the 362 
bacterial cytoplasm experienced by the molecules. In addition, this function-dependence indicates 363 
another contributing factor to the heterogeneity of the physical properties of cellular cytoplasm. 364 
 365 
Our work represents a study of the antimicrobial effects of Ag+ ions on the diffusive dynamics of 366 
proteins at the molecular level in live bacteria. H-NS is one major member of the 12 nucleoid-367 
associated proteins (NAPs) in gram-negative bacteria (34, 83). In addition, many fundamental 368 
cellular processes in bacteria and cells rely on interactions between DNA and proteins, including 369 
DNA packaging (84), gene regulation (34, 83, 85, 86) and DNA repairing (87–89). It remains 370 
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unclear how the diffusive dynamics of these DNA-interacting proteins are affected by Ag, and 371 
whether the effects of Ag+ ions on the other DNA-interacting proteins are different from that of H-372 
NS proteins. 373 
 374 
Dissociation of DNA and DNA-binding proteins has long been reported in the literature. For 375 
example, DNA were dissociated from the histone proteins and released from the nucleosomes in 376 
the presence of salt solutions (i.e., ions) at high concentrations (e.g., ~750 mM NaCl), which was 377 
attributed to the electrostatic screening effect of the ions on the negative charges of the DNA 378 
backbone (90). However, it is important to point out that the electrostatic effect is unlikely the 379 
major contributor to the dissociation of DNA and H-NS proteins observed here because of the low 380 
concentration of Ag+ ions (10 µM) used in the current study. An interesting future study would be 381 
to understand how the nucleosome core particles are affected by Ag+ ions, which is expected to 382 
shed light on possible mechanisms of cytotoxicity of Ag on eukaryotic cells. 383 
 384 
It is worthwhile to emphasize that the current study does not exclude the possibility that 385 
interactions between H-NS proteins and Ag+ ions affect the binding between H-NS and DNA. It is 386 
well-known that the sulfhydryl group (i.e., -thiol) in proteins is one target of Ag+ ions (55). As the 387 
H-NS monomer contains one cysteine in the dimerization domain, it is possible that Ag+ ions 388 
interact with the H-NS proteins and affect the binding affinity of H-NS proteins on DNA. One 389 
possibility is that the Ag-thiol interactions is in the dimerization domain, the binding affinity of this 390 
protein on DNA could be changed allosterically. Allosteric regulation (or allosteric control) – the 391 
regulation of a protein by molecules at a site other than the protein's active site (91–93) – was 392 
well-known in regulatory proteins such as lactose repressor (91, 92). It would be interesting to 393 
further investigate whether and how the binding of H-NS proteins on DNA is allosterically 394 
regulated by their interactions with Ag+ ions. Another possibility is that Ag-treatment might result 395 
in the formation of Ag-thiol bonds, affecting the dimerization of the H-NS proteins or even leading 396 
to denature or misfolding of the proteins (94, 95), which would interfere with binding between H-397 
NS and DNA. 398 
 399 
Previous studies have suggested that Ag+ ions cause serious damages in the cell membrane in 400 
various aspects, such as detachment of inner membrane from the outer envelope and cis/trans 401 
transformation of the unsaturated membrane fatty acids (17, 96–100). However, a dynamic 402 
picture of the Ag-caused membrane damages is still missing. Interesting questions include how 403 
the fluidity of membrane lipids is affected and how the membranes are disrupted by Ag. Dynamic 404 
studies with both high spatial and temporal resolutions are required to address these questions. 405 
In addition, systematic studies based on a library of E. coli single-gene-deletion strains by 406 
examining bacterial optical density in liquid media (22) or colony size on agar plates (43) have 407 
identified various genes that are highly sensitive to Ag-treatment. It would be exciting to apply the 408 
methodology described in this work to understand how the dynamics of the corresponding 409 
proteins are affected by Ag. 410 
 411 
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Experimental Section 412 
 413 
Bacterial strain and sample preparation 414 
 415 
The E. coli strain used in this study is JW1225 of the Keio collection (101) (purchased from the 416 
Yale E. coli Genetic Stock Center) transformed with a plasmid pHNS-mEos3.2, which encodes 417 
hns-meos fusion gene (32, 102). The resultant strain expresses H-NS proteins fused to mEos3.2 418 
photo-switchable fluorescent proteins (102, 103) and carries resistance against kanamycin and 419 
chloramphenicol (32, 102). The same strain has been used in our previous studies (32, 44). 420 
 421 
The bacteria were grown overnight in a defined M9 minimal medium, supplemented with 1% 422 
glucose, 0.1% casamino acids, 0.01% thiamine and appropriate antibiotics (kanamycin + 423 
chloramphenicol) at 37ºC in a shaking incubator with a speed of 250 rpm (32, 44, 104, 105). On 424 
the next day, the overnight culture was diluted 50 to 100 times into a fresh medium such that 425 
OD600 = 0.05. This culture (5 mL) was regrown in the shaking incubator at 37ºC for 2-3 hr. When 426 
the OD600 of the bacterial culture reached 0.3, 10 µL of the culture were transferred onto a small 427 
square of agarose gel pad (5 mm x 5 mm). The remaining bacterial culture was treated with 428 
prepared stock solution of Ag+ ions (final concentration = 10 µM). The stock solutions of Ag+ ions 429 
were prepared by dissolving AgNO3 powders (Alfa Aesar, Haverhill, MA) in deionized water (>17.5 430 
M), followed by filtration and stored at 4ºC in dark for later use. The Ag+-treated bacteria were 431 
incubated at 37ºC in the shaking incubator (250 rpm) for 2, 4, 6, and 8 hr. After each two hours, 432 
10 µL of the bacterial culture were taken from the treated culture and added into new square of 433 
agarose pads containing Ag+ ions at 10 µM. The control (untreated) and treated samples were 434 
left in dark at room temperature for 20-30 minutes on the agarose pad to allow the bacteria to be 435 
absorbed and mounted. The agarose pad was then flipped and attached firmly and gently to a 436 
clean coverslip, which was glued to a rubber O-ring and a clean microscope slide to form a 437 
chamber (32, 44). 438 
 439 
Single-particle tracking photoactivated localization microscopy (sptPALM) 440 

on H-NS proteins in live bacteria 441 
 442 
The super-resolution fluorescence microscope used in this work is home-built based on an 443 
Olympus IX-73 inverted microscope with an Olympus oil immersion TIRF objective (100X N.A. = 444 
1.49). The microscope and data acquisition were controlled by Micro-Manager (106). To activate 445 
and excite the H-NS-mEos3.2 fusion proteins in live E. coli bacteria , lasers at 405 nm and 532 446 
nm from a multilaser system (iChrome MLE, TOPTICA Photonics, NY, USA) were used (32, 44, 447 
103). Emissions from the fluorescent proteins were collected by the objective and imaged on an 448 
EMCCD camera (Andor, MA, USA) with an exposure time of 30 ms, which resulted in 45 ms for 449 
the actual time interval between frames. The effective pixel size of acquired images was 160 nm. 450 
For each sample (untreated or treated for 2-8 hr), 5-8 movies were acquired. 451 
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 452 
The resulting movies (20,000 frames) were analyzed with RapidStorm (107), generating x/y 453 
positions, x/y widths, intensity, and background for each detected fluorescent spot. Spots with 454 
localization precision >40 nm were rejected (25, 32). The spots that survived the criteria were 455 
further corrected for drift using a mean cross-correlation algorithm (108). Furthermore, the spots 456 
were segmented manually into individual cells. The positions 𝒓  from the same molecule in 457 
adjacent frames in the same cells were linked by standard algorithms with a memory of one frame 458 
(Mem=1) and a maximum step size of 480 nm (Maxdisp=480) using trackpy (27, 29, 109, 110), 459 
from which the trajectories of individual molecules 𝒓(𝑡) were obtained. Velocities of H-NS proteins 460 

were then calculated from the trajectories, 𝒗(𝑡) =
Δ𝒓(𝑡)

Δ𝑡
, where Δ𝒓 is the displacement and Δ𝑡 is 461 

the time interval between adjacent data points in the trajectories. 462 
 463 
Ensemble mean-square-displacement (eMSD) and generalized diffusion 464 

coefficient 465 
 466 
From the trajectories 𝒓(𝑡)  in each bacterial cell, the ensemble mean-square-displacements 467 

(eMSD) were calculated ⟨Δ𝑟2(𝜏)⟩ = ⟨(𝑟(𝑡 + 𝜏) − 𝑟(𝑡))
2

 ⟩ using built-in functions in trackpy (110). 468 

The eMSD data were then averaged over different cells from multiple movies for the same sample. 469 
The number of bacterial cells ranged from 158 to 678. The averaged eMSD data were then fitted 470 
using ⟨Δ𝑟2(𝜏)⟩ = 4𝐷𝜏𝛼 , resulting the generalized diffusion coefficient (𝐷 ) and the anomalous 471 
scaling exponent 𝛼. 472 
 473 
Plasmid cloning for H-NS expression and purification 474 
 475 
A plasmid – pHisHNS – was constructed for the expression and purification of H-NS proteins for 476 
in vitro experiments. Briefly, the hns gene was amplified from the pHNS-mEos3.2 plasmid by 477 
polymerase chain reaction (PCR) using a pair of primers (H-NS-F: 5’-GGG GAC AAG TTT GTA 478 
CAA AAA AGC AGG CTC CAT GAG CGA AGC ACT TAA-3’ and H-NS-R: 5’-GGG GAC CAC 479 
TTT GTA CGG GAA AGC TGG GTT TTA TTG CTT GAT CAG GAA-3’). The PCR fragment was 480 
cloned into the entry vector pENTR/D-TOPO (Thermo Fisher Scientific, MA, USA) using BP 481 
Clonase enzyme mix (Thermo Fisher Scientific, MA, USA), resulting in an entry clone. The entry 482 
clone was mixed with the pDESTTM17 vector and LR Clonase enzyme mix (Thermo Fisher 483 
Scientific, MA, USA), generating the plasmid pHisHNS, which encodes 6xhis-tagged H-NS 484 
proteins. The final plasmid was verified by PCR and sequencing (Eton Bioscience Inc., CA, USA). 485 
 486 
Expression and purification of H-NS proteins 487 
 488 
The constructed plasmid, pHisHNS, was used for expression of H-NS proteins. Briefly, it was 489 
transformed to E. coli BL21(DE3) competent cells (New England Biolabs, MA, USA). On the 490 
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second day, a single colony was inoculated into 15 mL of LB medium and grown at 37ºC in a 491 
shaking incubator (250 rpm) for overnight. The overnight culture was transferred into 400 mL fresh 492 
LB medium, and regrown at 37ºC to reach OD600 = 0.4, followed by induction with 0.5mM isopropyl 493 
β-D-1-thiogalactopyranoside (IPTG) (IBI Scientific, IA, USA) at 30ºC for 5 hr. Cells were collected 494 
by centrifuging at 4500 rpm at 4ºC for 30 min, and the cell pellets were stored at -80ºC.  495 
 496 
On the next day, the cell pellets were resuspended in 30 mL of lysis buffer (1X PBS with 10 mM 497 
imidazole) containing 1mM phenlymethanesulfonyl fluoride (PMSF) (Bio Basic, Canada) and 1X 498 
protease inhibitors (Roche, Switzerland). The resuspended cells were then further lysed by 499 
sonication on ice (30% pulse for 10 sec and rest for 15 sec, repeated for 3 min), followed by 500 
mixing with 0.1% Triton X-100 and incubation with shaking at 4ºC for 1 hr. The cell lysate was 501 
centrifuged at 12,000 rpm for 30 min, from which the supernatant was collected and filtered with 502 
syringe (0.45 µm). The filtered supernatant was mixed with nickel-beads at 50% bed volume 503 
(Thermo Fisher Scientific, MA, USA), and incubated at 4ºC for overnight. On the next day, the 504 
mixture was applied to a Poly-Prep Chromatography Columnscolumn (Bio-Rad Laboratories, CA, 505 
USA) and washed with wash buffer I (lysis buffer with 10 mM imidazole) twice and wash buffer II 506 
(lysis buffer with 20 mM imidazole) twice. After the extensive washes, the his-tagged H-NS 507 
proteins were eluted from the nickel beads by 5 mL elution buffer (lysis buffer with 250 mM 508 
imidazole). The eluted proteins were concentrated using Amicon concentrators with a cut-off of 509 
10 kDa (Millipore Sigma, MA, USA). The purity of the purified his-tagged H-NS proteins was 510 
measured using SDS-PAGE (15%) gel electrophoresis. The concentration of the purified protein 511 
was measured by Bradford assay (111, 112). 512 
 513 
Electrophoretic mobility shift assay for binding of H-NS proteins on DNA 514 
 515 
Electrophoretic mobility shift assay (EMSA) (46) was used to examine the binding of H-NS 516 
proteins on DNA in the absence and presence of Ag+ ions. Briefly, 1 uL of double strand DNA 517 
(~300 bp at ~0.375 µg/µL) was mixed with purified H-NS proteins of various volumes in binding 518 
buffer (10 mM Tris at pH 7.5, 15% glycerol, 0.1 mM EDTA, 50 mM NaCl, and 1 mM 2-519 
mercaptoethanol) with a total volume of 20 µL. The volume of H-NS proteins (stock concentration: 520 
0.65 µg/µL) ranged from 0 to 10 µL, resulting in a final concentration of the H-NS protein ranging 521 
from 0 to 433 µM. The mixtures of proteins and DNA were incubated on ice for 15 min and then 522 
at room temperature for 30 min. To examine the effect of Ag+ ions on the binding of H-NS proteins 523 
on DNA, the samples were prepared the same as the negative control, except that the binding 524 
buffer contained Ag+ ions at final concentrations of 0.1, 0.6, or 1 mM. Following the incubation, 525 
the samples were mixed with DNA loading buffer (Bio-Rad Laboratories, CA, USA) and subjected 526 
to PAGE (3%) gel electrophoresis in 1X TBE buffer at 100 V for 50 min. The gels were stained 527 
with Sybr Safe (Thermo Fisher Scientific, MA, USA), and imaged by a ChemiStudio gel 528 
documentation system (Analytik Jena, Germany). The gel images from the EMSA assays were 529 
analyzed using ImageJ (113, 114). Each set of samples were repeated for at least three times, 530 
from which the averages and the standard errors of the means (SEM) were calculated. 531 
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 532 
Isothermal titration calorimetry (ITC) measurements 533 
 534 
The ITC measurements were carried out at 25 C using an isothermal titration calorimeter 535 
(MicroCal iTC200, Malvern) equipped with a 280 µL sample cell and a pipette syringe with a spin 536 
needle. The sequences of the double-stranded DNA are 5’-GTG CTG ACG GAA TTC TTG ACA 537 
TCT C-3’ and 5’-GAG ATG TCA AGA ATT CCG TCA GCA C-3’. For the experiment, 250 µL of 1 538 
µM DNA in 10 mM HEPES buffer (pH 7.5) containing 0.2 mM Tris-HCl and 0.25 mM NaCl was 539 
placed in the cell. Then, 0.2 mM AgNO3 in 10 mM HEPES buffer was titrated to the cell using 1.3 540 
µL per injection and 1 min interval between injections. During the titration, a spin rate of 750 rpm 541 
was used to mix the reactants. For the control experiment, 10 mM HEPES buffer containing 0.2 542 
mM Tris-HCl and 0.25 mM NaCl in the absence of DNA was placed in the cell instead for titration. 543 
 544 
Probing the DNA-Ag+ interactions using bent DNA amplifiers 545 
 546 
Bent DNA amplifiers were prepared as described previously (60, 62, 64, 65). Briefly, synthesized 547 
single-stranded DNA molecules (Integrated DNA Technologies, IL, USA) were resuspended in 548 
distilled water to a final concentration of 100 µM. The sequences of DNA strands for constructing 549 
bent DNA molecules are 5'-CAC AGA ATT CAG CAG CAG GCA ATG ACA GTA GAC ATA CGA 550 
CGA CTC-3' (long strand, 45 bases) and 5'-CTG CTG AAT TCT GTG GAG TCG TCG TAT GTC-551 
3' (short strand, 30 bases). Single strands were mixed at equal molar amount in background buffer 552 
(0.4 mM Tris-HCl and 0.5 mM NaCl, pH=7.5) containing Ag+ ions at various concentrations ([Ag+] 553 
= 0, 10, 20, …, 80, 90 µM). Ag+ ions were provided from aqueous solutions of AgNO3. The final 554 
concentrations of the DNA were 2 µM. The mixtures were heated to 75ºC for 2 minutes, and 555 
gradually cooled down to 22ºC (room temperature) in 5 hours. Upon hybridization, a circular 556 
construct is formed, with a double-stranded portion of 30 bp (with a nick) and a single-stranded 557 
portion of 15 bases (Fig. 4a). The mixtures were incubated at 22ºC for overnight to allow full 558 
equilibrium, followed by PAGE gel electrophoresis. Experiments were performed in triplicates. 559 
Imaging and analysis of the DNA gels were performed similarly as in the EMSA assay described 560 
above. 561 
 562 
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Figures and Figure Legends 588 
 589 

 590 
Figure 1. Faster dynamics of H-NS proteins in live bacteria caused by Ag+ ions. (a) Illustration of 591 
H-NS proteins' key activities. H-NS is a DNA-binding protein, consisting of a DNA-binding domain, 592 
a linker, and an oligomerization domain, which allows H-NS to form polymers and DNA bridging. 593 
(b) Illustration of sptPALM for tracking H-NS proteins in live E. coli. (c) Examples of trajectories of 594 
H-NS proteins in individual E. coli in a region of interest (ROI) of 8x8 µm2. (d) Ensemble mean-595 
square-displacement (eMSD) of H-NS proteins in live E. coli bacteria in the absence of Ag+ ions 596 



18 

(closed black circles), or in bacteria treated by 10 µM Ag+ ions for 2 hours (open red squares), 4 597 
hours (closed green diamonds), 6 hours (open blue triangles), and 8 hours (closed magenta 598 
triangles). Symbols stand for averages of eMSD data over E. coli cells (the number of cells ranges 599 
from 158 to 678). Error bars represent the standard errors of the means (SEM). Dashed curves 600 
are fittings using ⟨Δ𝑟2⟩ = 4𝐷𝜏𝛼  where 𝐷  is the generalized diffusion coefficient and 𝛼  is the 601 
anomalous scaling exponent. Inset: the same data plotted in log-log scale, with a slope of ½ 602 
indicated. (e) Dependence of the generalized diffusion coefficient 𝐷 on the treatment time 𝑇. Error 603 
bars represent fitting errors. (f, g) Log-linear distributions of instantaneous velocities (C: 𝑣𝑥; D: 𝑣𝑦) 604 
of H-NS proteins in the absence (black) and presence of 10 µM Ag+ ions (colored lines) for 605 
different durations. The orange arrows highlight the increase of the probability of higher velocities 606 
after Ag+-treatment.  607 
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 608 
Figure 2. Electrophoretic mobility shift assay (EMSA) for measuring the binding between H-NS 609 
proteins and double-stranded DNA in the absence and presence of Ag+ ions. (a) Examples of 610 
EMSA gels for H-NS proteins in the absence (0 mM) and presence of Ag+ ions (0.1 mM, 0.6 mM, 611 
and 1.0 mM). In each gel, the concentrations of DNA and Ag+ ions were fixed, while the 612 
concentration of H-NS protein increased linearly from left to right of the gel (0, 87 µM, 173 µM, …, 613 
433 µM). (b) Dependence of the percentage of unbound DNA on the concentration of Ag+ ions in 614 
the presence of 433 µM H-NS proteins (last lanes in panel a). (c) Dependence of the normalized 615 
amount of unbound DNA on the concentration of H-NS proteins in the absence (black circles) or 616 
in the presence of Ag+ ions (red diamonds: 0.1 mM, green squares: 0.6 mM, and blue triangles: 617 
1.0 mM). Dashed lines are fitting curves using 𝑝𝑢 = 𝑝𝑢0 − 𝑘 ⋅ 𝑐, where 𝑝𝑢 is the percentage of 618 
unbound DNA and 𝑐 is the concentration of H-NS proteins. (d) Dependence of the fitted slopes 619 
(𝑘) from panel c on the concentration of Ag+ ions. Error bars represent fitting errors.  620 
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 621 
Figure 3. Direct interaction between Ag+ ions and double-stranded DNA measured by isothermal 622 
titration calorimetry (ITC), in which 0.2 mM Ag+ ions were titrated into DNA at pH 7.4 in 0.2 mM 623 
tris-HCl and 0.25 mM NaCl at 25 C in 10 mM HEPES buffer: (a) 1 µM DNA; and (b) no DNA. The 624 
injection volume was 1.3 µL with 1 min interval between injections. Additional control experiments 625 
were performed by titrating (c) HEPES buffer or (d) 1 µM DNA into HEPES buffer.  626 
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 627 
Figure 4. Dehybridization of bent double-stranded DNA induced by Ag+ ions. (a) Self-assembly 628 
of a circular bent double-stranded DNA that was used in this study to amplify and probe the effect 629 
of Ag+ ions on double-stranded DNA. (b) An example gel of linear double-stranded DNA in the 630 
presence of 0-90 µM Ag+ ions. (c) An example gel of bent double-stranded DNA in the presence 631 
of 0-90 µM Ag+ ions. (d) Dependence of normalized intensities of the bands from panels b and c 632 
on the concentration of Ag+ ions (0-90 µM). The symbols in this plot correspond to bands indicated 633 
by the same symbols in panels b and c. (e) Fluorescence intensity of bands of single-stranded 634 
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DNA (𝐼𝑠𝑠) stained by Sybr Safe as a function of their amount (𝑥𝑠𝑠, black circles), which was fitted 635 
by 𝐼𝑠𝑠 = 𝐴 × 𝑥𝑠𝑠

𝜈  (blue dashed curve, 𝜈=0.690.02). Based on the intensity of the band of the bent 636 
double-stranded DNA at 10 pmol (red cross) on the same gel, the “equivalent” amount of the bent 637 
DNA was determined from the fitted equation and used to estimate the correction factor, 𝛽 ≈ 0.52. 638 
Left-top inset: bent double-stranded DNA of 10 pmol and single-stranded DNA of varying amounts 639 
(1-40 pmol) on the same gel. Right-bottom inset: the same data in log-log scale. (f) Dependence 640 
of the fraction of dehybridization (𝜙𝑑ℎ) on the concentration of Ag+ ions (0-90 µM) for bent double-641 

stranded DNA, 𝜙𝑑ℎ =
𝛽 𝐼𝑆

𝛽 𝐼𝑆 + 𝐼𝐷
 where 𝛽=0.52 is the measured correction factor, and 𝐼𝑠 and 𝐼𝐷 are 642 

the normalized intensities of the bands for the single-stranded DNA due to dehybridization 643 
(indicated by the green triangle in panel c) and for the bent double-stranded DNA (indicated by 644 
the blue circle in panel c), respectively. Linear fitting of the data (blue dashed line) resulted in a 645 
slope of (0.440.05)% per µM. (g) Dependence of the fraction of dehybridization (𝜙𝑑ℎ) on the 646 
concentration of Ag+ ions (from 0 to 90 µM) for bent double-stranded DNA using different 647 
correction factors: 𝛽=0.4 (black circles), 0.7 (red squares), 1.0 (green triangles) and 1.1 (blue 648 
crosses). The dashed lines are linear fitting, resulting in slopes ranging from (0.380.02)% per 649 
µM (with 𝛽=0.4) to (0.610.04)% per µM (with 𝛽=1.1).  650 
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 651 
Figure 5. Speculated mechanism of Ag+ ions' effects on the diffusive dynamics of H-NS proteins 652 
in live bacteria. (a) A bacterium subjecting to Ag+ ions. (b) Partial dehybridization of curved DNA 653 
induced by Ag+ ions. (c) Unbinding of H-NS proteins from DNA due to (partial) dehybridization, 654 
leading to faster diffusive dynamics of the H-NS proteins. 655 
  656 
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 25 
Movie M1. Excerpt (128x128 px, 3000 frames) from a representative sptPALM movie of H-NS 26 
proteins in untreated bacteria. Scale bar = 5 µm. 27 
 28 
 29 

 30 
Movie M2. Excerpt (128x128 px, 3000 frames) from a representative sptPALM movie of H-NS 31 
proteins in bacteria treated with Ag+ ions at 10 µM for 8 hr. Scale bar = 5 µm. 32 
 33 

 34 
 35 

 36 
Figure S1. Distributions of the lengths of trajectories of H-NS proteins in bacteria before Ag+-37 
treatment (0 hr) and after Ag+-treatment for 2 to 8 hr. 38 
  39 
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 40 
Figure S2. Effects of varying tracking parameters, Maxdisp and Mem, on the eMSD curves.  41 
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 42 
Figure S3. Effects of varying tracking parameters, Maxdisp and Mem, on the fitted generalized 43 
diffusion coefficients.  44 
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 45 
Figure S4. Effects of varying tracking parameters, Maxdisp and Mem, on the distribution of 46 
instantaneous velocities (𝑣𝑥).  47 
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 48 
Figure S5. (a) Theoretical dependence of percentage of unbound DNA [𝐷]  on the initial 49 
concentration of proteins [𝑃]0 with various dissociation constant 𝐾𝐷=0.01, 0.1, 1, 10, and 100, 50 
assuming [𝐷]0 = 1. (b) Computed dependence of fitted 𝑘  (using [𝐷] = [𝐷]0 − 𝑘 × [𝑃]0) on the 51 
dissociation constant 𝐾𝐷 assuming [𝐷]0 = 1.  52 
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 53 
Figure S6. The ITC measurement of titrating 0.2 mM Ag+ ions into DNA at pH 7.4 in 0.2 mM tris-54 
HCl and 0.25 mM NaCl at 25 C in 10 mM HEPES buffer. The injection volume was 1.3 µL with 1 55 
min interval between injections. Fitting the data with the one-set binding model (red solid line) 56 
gave 𝐾 = (5.29 ± 3.37) × 104 M-1 and Δ𝐻 = −12.63 ± 3.66 kcal/mol. 57 
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