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ABSTRACT

We extend the scope of nanometer distance measurements based on coupled pairs of gold nanoparticles, or plasmon rulers, to individual
RNA molecules. These sensors were used to monitor the influence of spermidine on the cleavage kinetics of RNA by ribonuclease A. Time-
resolved cleavage experiments of individual RNA plasmon rulers reveal transiently stabilized RNA sub-populations at increased spermidine
concentrations that indicate spermidine-induced stabilization of weak secondary and tertiary structural elements.

Interactions between counterions and RNA are critical for One such scheme exploits the distant dependent cotipfihg
the formation of stably folded RNA structures because they of the plasmons of two close by particles. Individual pairs
ease the electrostatic repulsion of closely packed backboneof double-stranded DNA-linked noble metal nanoparticles
phosphate$? Divalent metal ions, magnesium (%19 in have been shown to act as dynamic molecular rulers for
particular, are crucial for the correct folding of RNAS. distances in the 470 nm rangé&®2%27 The resonance
However, in cells metal ions are not the only counterions wavelength of paired gold nanoparticles red-shifts, and the
that interact with RNA. Polyamines such as spermine, scattering intensity increases as the particles get closer to
spermidine, and putrescine also interact with nucleic acids, each other. Their brightness, long lifetime, nonblinking, and
and it has been suggested that they subtly modulate RNA-chemical stability make plasmon rulers a good choice for
folding transitions due to their higher charges and flexible highly parallel in vitro single molecule experiments with high
structures.Indeed, it has been shown that spermidine induces temporal resolution for all applications that can tolerate the
RNA-folding®® and stabilizes RNA duplexdsThese sper-  presence of the probés.
midine-induced structural effects can be expected to have The applicability of plasmon rulers has been limited to
implications for protein-RNA interactions as well. The measuring distances and distance changes in double-stranded
specific mechanisms of protein-RNA interactidfisheir DNA. But herein, we introduce RNA plasmon rulers to the
regulation, and the role of higher charged polycations such intriguing field of RNA biology. Our specific aim was to
as spermidine in these interactions are still poorly understood.investigate the modulation of the activity of ribonuclease A
The development of a mechanistic understanding of these(RNase A) by the triamine spermidine using plasmon rulers.
processes would benefit from dynamic studies, ideally at the RNase A cleaves only single-stranded RNA at theof3
single molecule level, where it becomes possible to detectcytosine (C) and uracil (U) residues. Such cleavage events
transient intermediates and multiple reaction pathways. lead to a clear drop in scattering intensity of the plasmon
method that has proven especially useful in investigating therulers. Plasmon rulers are particularly well suited for these
dynamics in biological systems is single molecule fluores- studies as they facilitate the investigation of isolated RNA
cence resonance energy transfer (FREDetween two molecules free of perturbations through spermidine-induced
organic dyes. The limited photostability and brightness of RNA precipitation and aggregatiéh?®
the fluorescent dyes, however, motivates the development Synthesis and Characterization of RNA Plasmon Rul-
of alternative nonfluorescent-based technologies. ers.RNA dimers were synthesized by an RNA-programmed
Gold nanoparticles have collective electron oscillations self-assembly process (for a schematic see Figure 1A and
(plasmons) in the visible range of the spectrum. Because theirrefer to Supporting Information). Using a sequential ligand
signal is based on light scattering, gold nanoparticles do notexchange reaction, we first functionalized 40 nm gold
blink nor bleach and are many orders of magnitude brighter particles with trithiolated single-stranded DNA (ssDNA)
than conventional organic dy&sA wide range of biological handles in a ratio of 1:25 (gold nanoparticle/DNA). Subse-
sensing and detection schemes utilize these advantageouguently, the surface was passivated with a self-assembled

optical properties of gold nanoparticles and nanofdds. monolayer of short thiolated carboxy-terminated polyethyl-
eneglycols (thiol-(EG}propionate). This passivation was
* Corresponding author. E-mail: bmr@bu.edu. required to stabilize the particles in salt buffers representing
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Figure 1. Assembly and characterization of RNA plasmon rulers. (A) 40 nm gold particles are functionalized with single-stranded DNA
(ssDNA) and pegylated with short thiol-propionate-PEGs. One particle is functionalized with biotinylated PEGs as well. Then RNA is
annealed to one of the particles. Finally, the particles are combined to self-assemble. (B) Purification of plasmon rulers through gel
electrophoresis. (C) TEM micrograph of isolated RNA plasmon rulers on a protein functionalized TEM grid. At higher magnification
(inset), the separation between the particles is evident.

biologically relevant conditions. For one of the particles, persistence length of single-stranded RNA(8—0.9 nm§1-32
small amounts of biotinylated polyethyleneglycols (PEGS) is significantly shorter than that of the double-stranded DNA
were added to the thiol-PEG-propionate to facilitate the (~53 nm§2used in previous plasmon rulers, it was not clear
binding of the particle to NeutrAvidin functionalized sur- a priori if the RNA in the space between the particles is
faces. In vitro transcribed RNA (total length: 155 nucle- actually accessible to RNA-binding enzymes.
otides) that contains complementary sequences with the To test the accessibility of the RNA tether, we studied
handles (22 nucleotides) at its &nd 3 end was then  the cutting efficiency of RNase A when applied to RNA
annealed to the first handle. The RNA was reacted with the plasmon ruler$* To that end we immobilized the RNA
gold particles in a 1:30 (gold nanoparticle/RNA) ratio. The plasmon rulers with one particle on the surface of a
RNA functionalized particles were thoroughly cleaned and NeutrAvidin-coated glass flow chamber (see Figure 2A) and
combined with the particles carrying the second handle. This monitored the intensity of the rulers during incubation with
reaction mix was finally analyzed for dimer formation using RNase A using darkfield microscop%3® A 40x (NA =
gel-electrophoresis. 0.65) objective in combination with an enhanced charged
The gel shown in Figure 1B contains particles function- coupled device detector allowed us to record scattering
alized with one of the handles (outer left lane), particles with intensities of many plasmon rulers in parallelg0 in a~120
the other handle annealed to RNA (middle lane), and the x 120un? field of view) at a frame rate of 96 Hz. Cleavage
reaction mix (outer right lane). Only the reaction mix contains of the RNA tether between the particles leads to an abrupt
a third band indicative of dimer formation that runs slightly drop in the scattering intensity as the dimer is converted into
slower than the RNA functionalized particles. The tentative a monomer (see Figure 2B). Only the surface-bound particle
dimer band was isolated through electroelutfoand in- remains visible on the surface, while the second particle
spected by transmission electron microscopy (TEM) (Figure diffuses into solution. We acquired a control by flushing the
1C). After electroelution, the preparations typically contained chamber with only T50 (50 mM NacCl, TrICI, pH 8) upon
~50% dimers. This is less than observed before for DNA which we observed no indication of RNA cleavage. When
plasmon rulers{75%)2¢ We attribute this finding to the  we flushed the chamber with RNase A in T50 at a
fact that RNA is less stable than DNA, due especially to concentration of 1 nM, we observed many rapid intensity
spontaneous self-cleavatfe. drops indicating RNA cleavage. The total number of events
The individual particles in the dimers shown in the TEM obtained for three experiments (of each condition) are
micrograph in Figure 1C are separated by a distinct gap. Thishistogrammed in the inset in Figure 2B. The effective
proves that the particles are indeed tethered by the biopoly-cleavage of RNA through RNase A proves that the RNA is
mer as opposed to sticking together nonspecifically. The accessible and that the cleavage is enzyme specific.
interparticle distances observed for surface-bound dimers in  The ratio of~25 DNA handles per 40 nm gold nanopar-
the TEM however have no obvious correspondence to theticles used here corresponds to a surface density of DNA of
equilibrium distance in aqueous solution. Because the 1 molecule/201 nrat the most. For each RNA molecule
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Figure 2. Plasmon ruler RNase A cleavage assay. (A) The RNA plasmon rulers are bound to the surface of a glass flow chamber using
a BSA (bovin serum albumir)Biotin—NeutrAvidin surface chemistry. Upon addition of RNase A, the RNA tether is cleaved, and the
dimer converted into a monomer. (B) Single RNA plasmon ruler cleavage trajectory (recorded at 96 Hz). (I) The plasmon ruler is first
incubated in buffer containing spermidine at defined concentration&(@®M), (I1) the buffer is exchanged wita 1 nMRNase A solution,

causing (lll) a strong drop in intensity upon RNA cleavage. Inset: Number of cleavage events for flushing with/without ekigyise.

defined as the time between enzyme addition and cleavage.

annealed to a DNA handle, there are 25 available annealingall dimers show this behavior at nanomolar concentrations.
sites on the second particle (surface area: 502%.r@iven The intensity jumps are indicative of a fast decrease in the

this low number of available binding sites and an overall
decreased annealing efficiency close to surfdtethe

probability of formation of multiple tethers between the
particles is low. In the case of DNA plasmon rulers with
similar surface coverage with ssSDNA, the fraction of particles

interparticle distance and indicate the collapse of the dimer
or significant compaction of the RNA tether. With spermidine

addition, we did not observe any systematic compaction even
in concentrations up to 5 mM. The probes are stable in the
presence of a wide range of concentrations of spermidine.

with multiple tethers was estimated to bé&%2¢
Structural Integrity of RNA Plasmon Rulers in the

To further confirm the stability of the dimer probes in the
presence of spermidine, we analyzed the gel-electrophoretic
Presence of PolycationsTo be able to quantify how RNA-  mobility of pegylated gold nanoparticles after incubations
bound spermidine modulates RNase A activity, we first had with increasing concentrations of spermidine (1-AMmM)
to probe the effect of polycations on the stability of the RNA (see Supporting Information, Figure S2). The particles do
plasmon rulers. The gold particles used in this study were not differ in their electrophoretic mobility. This observation
functionalized with a PEG-propionate self-assembled mono- indicates that spermidine incubation does not change the
layer. Consequently, the surface charge is negative, which¢-potential of the particle¥. The high cleavage rates,
creates a repulsive interparticle potential that prevents theminimal compaction rates and lack of observable changes
dimers from collapsing. Spermidine is positively charged in the electrophoretic mobility show that spermidine does
under physiologic conditions and can bind nonspecifically not significantly influence the structural integrity of the RNA
to the gold particles. This poses the threat of a reduction of plasmon rulers. Therefore, the RNA tether is expected to be

interparticle potential leading to the collapse of the dimer.
It is not possible to detect RNA cleavage by RNase A when
the dimer probe is in a collapsed state.

accessible over a wide spermidine concentration range.
Effect of Spermidine on Enzymatic RNA Degradation.
Because of the strong signal caused by RNA cleavage,

We therefore performed cleavage experiments (see Figureenzymatic RNA degradation is an ideal test system to

2B and Supporting Information) for RNA that was prein-
cubated with different polycations with charges ranging from
+3 to +64. In addition to spermidine (nominal charge=
+3), we chose three different polyamidoamine (PAMAM)
dendrimers: generation 0 (G,= +4), generation 1 (G1,

g = +8), and generation 4 (G4,= +64). After incubation
with the polyamines, we determined the total number of
cleavage events upon flushing the chambehwetl nM
RNase A solution. For polyamines at a concentration of 2
uM, two experiments performed under otherwise identical
conditions yielded 99 cleavage events for spermidine, 5 for
GO0, 12 for G1, and 0 for G4 dendrimers. While we observed
efficient RNA cleavage for spermidine concentrations up to
5 mM, in the case of the dendrimers the cleavage probability
dropped essentially to zero with increasing dendrimer
concentration. Concurrent with the decrease in the total

quantify the influence of spermidine on RNA-binding
enzyme activity. We measured the cleavage times, defined
as time differenceAty, between the addition of RNase A
and the observed cutting (see Figure 2B) for four different
concentrations of spermidine (1 nM M, 1 mM, 5 mM)
and in the absence of spermidine. We recordet20
trajectories for each spermidine concentration. The histo-
grams in Figure 3AE show the measuredty’'s. On the
basis of the cumulativAty distributions, we calculated the
values ofty,, defined as the times at which half of the RNA
degradation events had occurred (see Supporting Information,
Figure S3). A plot of the value ofit versus spermidine
concentration (Figure 3F) shows a clear increase in average
cleavage time with spermidine concentration.

Spermidine binds both specifically and nonspecifically to
RNA, where it reduces the negative charge density of the

number of cleavage events, we observed more abruptphosphate backborie? Because the bovine RNase A used

increases in intensity upon addition of the dendrimers (see
Supporting Information, Figure S1). In the case of G4, almost
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in these studies has a pKa value of 9.6, it is positively
charged under our experimental conditihg\ reduction
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Figure 3. Cleavage time At.) distributions as function of spermidine (Spyl concentration. (A) no sgd; (B) 1 nM spd*; (C) 1 uM

spc™; (D) 1 mM spdt; (E) 5 mM spd*t. Gaussian fits mark potential sub-populations. Algeadl nM spd* concentration leads to a
splitting of the At distribution. With increasing sgd concentrations, the cleavage events happen later and sub-populations with long
lifetimes grow at the cost of fast sub-populations.t{izXimes & time after which half of all the cutting events have occurred) vs concentration.

of the effective RNA charge decreases the nonspecific minima. Many of the predicted secondary structures contain
binding affinity of the positively charged RNase. The a long double-stranded region disrupted by internal bulges
resulting overall lower binding affinity of the enzyme is one and internal loops and disembogue into two hairpins.
factor that can account for the shift of tia, distributions The RNA tethering of the particles in our plasmon rulers
to longer times. Another factor that needs to be consideredindeed contains double-stranded regions that could experi-
is the relative stabilization of potentially double-stranded ence stabilization through spermidine. Venkiteswaran et al.
regions in the RNA secondary structure versus single- report an increase in the melting temperature of 22 %or
stranded regions through spermidiifeBecause RNase A  a 15 bp long double-stranded RNA after addition of a 100
can cleave only single-stranded RNA, a relative stabilization uM spermidine solutiort.Individual RNA molecules spend
of duplexes equals an effective decrease of potential reactionincreasingly more time in the duplex state as the melting
sites for the enzyme. temperature rises. Consequently, the increasg rwith

We used Mfold® to analyze the secondary structure of growing spermidine concentration observed in our cleavage
the available RNA tether (sequences that anneal to DNA experiments can be explained by an increase in the number
handles were omitted). The overall energetically lowest of RNA molecules with protected duplex regions.
minimum (AG = —36 kcal/mol) is shown in Figure 4. Mfold Aside from an overall deceleration of the enzyme kinetics,
finds three other minima within only 3 kcal/mol of the lowest Figure 3B-E shows distinct sub-populations when the RNA
minimum. The shown structure is therefore only one of many is preincubated with spermidine. While Figure 3A is well
possibilities among which the RNA fluctuates. Figure 4 fit by a single Gaussian arounsty = 3.8 s, increasing the
illustrates, however, structural features common to severalconcentration of spermidine causes sub-populations with
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" Z‘z In the case of the 1 nM spermidine condition, a possible
explanation for the bimodal distribution is that only a fraction

L (about one-half) of the RNA molecules are stabilized by
}{ spermidine. The remaining RNA tethers are not sufficiently
},-3* protected, so the RNA is cleaved fast. Increasing spermidine
3; concentration leads to the emergence of further sub-popula-
f‘pd"‘\q tions at later times. Additional stabilizations could arise for
Kﬁ . instance from a more effective protection of the RNA duplex
@ _‘.c:f-é‘f_‘z region close to the DNA handles or the formation of specific
i;; . ' ;g Nrs tertiary structures, which can resist cleavage for longer
oﬁ% f'jf M@% times2° Better protected structures become available only
"*fy% 5 /g;’; i&ﬁ‘;\w\\ﬁ“é after a certain number of spermidine molecules are bound
Yo, L‘”""f © to the substrate. The subsequent appearance of discrete sub-

populations indicates some cooperativity between the RNA-

Figure 4. Predicted minimum secondary structure (with DNA  bound spermidine molecules in their protection mechanism
handles). The structure contains multiple double-stranded regionS|eadi|.]g to distinctly stabilized states.

that can be stabilized upon addition of spermidifie. . . .
We also performed traditional ribonuclease protection

assays for the RNA with the handles annealed (but without
solution (Figure 3B), theAty distribution is no longer the gold nanopatrticles) to verify if the transiently stabilized

symmetric. Two sub-populations arise, one with a sharp peaksub-populatlons are apparent in the bulk assay. Following

centered at 2.7 s and a second, broader peak at 4.5 s. At ftandQQrd proceQures, RglA,iE \;]arying saltfanci sp_ertr:”n;jine
uM spermidine (Figure 3C), the fast subpopulation has conditions was incubated with the enzyme for 1 min betore

vanished; instead, a third subpopulation emerges at around € €NZyme was heat deactivated and the mix loaded into a
7.2 's. At 1 mM spermidine (Figure 3D) a fourth, discrete 15% polyacrylamide/urea denaturing gel. The gel did not
subpopulation appears at 9.8 s. Finally, 5 mM spermidine indicate any structural stabilization. We attribute this to the
(Figure 3E) shows two sub-populations centered at 9.8 andlong time scale of the bulk protection assay, which prevents
14.2 s, and only marginal cleavage appears before 8 s. the detection of short-lived species. This underlines the
We see no indication that the marked sub-populations areinherent advantage of the RNA plasmon rulers that combine
due to structurally uniform RNA species; however, the RNAs the advantages of single molecule detection with high
belonging to the individual sub-populations must share témporal resolution.
sufficient structural similarities to cause similar lifetimes. Intensity Distributions of Individual RNA Plasmon
The species with longer lifetimes are transiently stabilized Rulers. The primary goal of this work was to examine the
relative to RNAs of sub-populations with faster cleavage effect of spermidine on RNase A cleavage kinetics. The RNA
times. Depending on the spermidine concentration, the plasmon ruler approach combines high throughput with high

greaterAt, values to emerge. Already for 1 nM spermidine

lifetimes of the later populations are extended by-18& s. temporal resolution at the single molecule level and was
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Figure 5. Scattering intensities. The intensity trajectories for two individual RNA plasmon rulers PR1 and PR2 are shown in (A) and (B).
Twenty point sliding averages are included as black lines to guide the eye. The scattering trajectory of PR2 exhibits transitions between
different average intensity levels at times marked by arrows (see text). (C) Histogrammed scattering intensities are shown for PR1 and PR2
as well as for one monomer Monl (PR1 after enzymatic cleavage). While the intensity distributions for plasmon rulers are in general
broader than for monomers, the width of the intensity distributions of the plasmon rulers vary significantly as shown here for PR1 and PR2.
The intensity distribution of PR2 is broadened due to the existence of multiple average intensity levels in the scattering trajectory.
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therefore the method of choice to probe and quantify the protection assays. The reduction of RNase A cleavage rates
modulation of RNA cleavage rates through spermidine. and appearance of sub-populations that indicate transient
Direct structural information of individual RNA molecules structural RNA stabilization confirm that RNA-binding
in the presence of spermidine was not necessary to achieveenzyme activity is regulated through spermidine-induced
our goal. Itis, however, feasible that the scattering intensity changes in the charge and structure of the RNA substrate.
of individual RNA plasmon rulers can contain such structural The plasmon rulers are able to retrieve otherwise obscured
information. Two representative scattering trajectories are information about weak structural stabilizations. RNA
shown in Figures 5A,B. Some scattering trajectories contain protein interactions are integral components of posttranscrip-
intensity variations as shown in Figure 5B that could reflect tional gene regulation at the levels of RNA processing,
changes in the RNA end-to-end distance or orientation of transport, and translation, highlighting the potential relevance
the RNA plasmon ruler. Although the magnitude of the of the spermidine modulated regulation process.
intensity shifts is close to the detection limit at the chosen
frame rate of 96 Hz, they can still be detected if the dwell
time at each intensity level is long enough. These shifts of
the average intensities lead to a strong broadening of the
intensity distributions of the plasmon rulers (compare PR1
and PR2 in Figure 5C). Interestingly, the intensity distribu-
tions broaden significantly with increasing spermidine con-
centration; the standard deviation averaged over 52 trajec-
tories of identical length (1000 points, 10.41 s) for plasmon  Supporting Information Available: Materials and Meth-
rulers increases from 261 (T50 buffer, no spermidine) to 358 ods and Figures S4S3. This material is available free of
counts -37.1%) in 1 mM spermidine solution. charge via the Internet at http://pubs.acs.org.

D|fferen't from recenF single dye pair FRET experiments, potorances
the RNA in our experiment was not designed to undergo . _
specific structural transitions. The RNA under investigation 8 '\B"I'jg‘;‘r'ﬁ?;;';V'?rif’;e%rgihii?‘g'y&”fr%gggcf' A
here has several close energetic (secondary and tertiary)  structures, properties, and functiansniversity Science Books:
minimum structures and fluctuates between these conformers. Sausalito, CA, 1999. ,
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discrete states clarifies structural transition detection. How-
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