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ABSTRACT: Single molecule detection is useful for characterizing Rhodamine "B
nanoscale objects such as biological macromolecules, nanoparticles - wm" LY % = )
and nanodevices with nanometer spatial resolution. Fluorescence e ﬁ @g"‘f'_"f ﬁ
resonance energy transfer (FRET) is widely used as a single- L
molecule assay to monitor intramolecular dynamics in the distance T

Dark {or state {or unquenched) state

range of 3—8 nm. Here we demonstrate that self-quenching of two
rhodamine derivatives can be used to detect small conformational
dynamics corresponding to subnanometer distance changes in a
FRET-insensitive short-range at the single molecule level. A ParM
protein mutant labeled with two rhodamines works as a single
molecule adenosine 5'-diphosphate (ADP) sensor that has 20 times brighter fluorescence signal in the ADP bound state than the unbound
state. Single molecule time trajectories show discrete transitions between fluorescence on and off states that can be directly ascribed to ADP
binding and dissociation events. The conformational changes observed with 20:1 contrast are only 0.5 nm in magnitude and are between
crystallographic distances of 1.6 and 2.1 nm, demonstrating exquisite sensitivity to short distance scale changes. The systems also allowed us
to gain information on the photophysics of self-quenching induced by rhodamine stacking: (1) photobleaching of either of the two
rhodamines eliminates quenching of the other thodamine fluorophore and (2) photobleaching from the highly quenched, stacked state is
only 2-fold slower than from the unstacked state.
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self-quenching

In recent years, single molecule fluorescence techniques have
been widely used in nanotechnology and biological macro-
molecules to image and characterize nanoscale movements at a
spatial precision far beyond the optical diffraction limit.' > Single
molecule fluorescence resonance energy transfer (smFRET) is of
particular interest where a pair of fluorophores, donor, and
acceptor, are involved as a real-time indicator of the distance
between the two.* ® Many nanodevices and nanosensors are
based on biomolecules and can be characterized using smFRET
by monitoring the intramolecular conformational changes of
the biomolecules’ '? or the intermolecular distance changes'*'*
in real time. FRET efficiency, Eprgr, is @ measure of how much
energy is transferred from the donor to the acceptor and is given
by Egrer=1/(1+ (R/RO)G), where R is the distance between the
donor and the acceptor and R, is the Forster radius at which
Eprer=0.5."A typical value of R, is 5—7 nm for the FRET pairs
used in a single molecule experiment,'® making smFRET sensitive
to the distance changes in the range of 3—10 nm."” Nanoparticle-
induced lifetime modification has been used to serve as a nanos-
copic ruler for the distance range beyond the upper limit of FRET
sensitive range (>10 nm)."® There have been previous attempts
to monitor small distance changes in the 0—3 nm distance range
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but they are mostly based on time-resolved or time-correlated
fluorescence spectroscopy using freely diffusing biomolecules
and hence could not yield long time traces of a single biomole-
cule undergoing conformational changes.*'*~>* For some FRET
pairs, when the donor and acceptor come in close proximity
(<3 nm), their interactions cause complex fluorescence
fluctuations.*® Protein-induced fluorescence enhancement,
a recently reported single molecule assay, provides a means of
monitoring the time-dependent intermolecular distance chan%e
between a fluorophore and a protein in the 0—3 nm range.”’
However, an equivalent method is missing for detecting the
intramolecular conformational dynamics of single biomolecules
in the smFRET insensitive distance range.

Here, we use a ParM mutant, an engineered adenosine
§/-diphosphate (ADP)-sensing protein,”® as a model system to
illustrate the use of self-quenching between two identical tetra-
methylrhodamines (TMR) to study the intramolecular confor-
mational dynamics in short distances. When in close proximity,
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Figure 1. (a) The top and front views of ParM apo structure (left, PDB entry IMWM) and the ADP-bound ParM structure (right, PDB entry IMWK).
The positions of the two cysteine mutations and the distance between them are shown (1.6 nm for the quenched state and 2.1 nm for the unquenched
state; the distances were measured between cysteine a-carbons). (b) The experimental scheme that shows how the protein is anchored onto the PEG-
coated surface through anti-Hiss/Hise-tag and biotin/neutravidin interactions (also see Experimental Section).

the two TMRs can stack on each other to form a dimer in which their
fluorescence emission is significantly quenched. Self-quenching of
TMR due to stacking has been used in the ensemble studies to
monitor the peptide cleavage by proteases,””* and intramolecular
conformational changes of proteins”*"** and nucleic acids.*® This
strategy has also been used to study molecular motors step3ping on
microtubules at both ensemble and single molecule levels.**** In the
previous attempts to utilize this approach to study titin unfolding/
refolding at a single protein level, there were multiple TMRs attached
to a titin molecule and rapid fluorescent enhancement induced by
chemical denaturants was shown to be the result of direct action of
the denaturants on TMR dimers rather than protein unfolding.***’
In this article, we present a generalizable surface-tethered single
molecule assay for detecting conformational changes of individual
biomolecules in a FRET inaccessible short-range and in real time.
The model system we use to demonstrate our assay is ParM, a
bacterial actin homologue that forms F-actin-like filaments dur-
ing plasmid segregation in E. coli.*® ParM consists of two domains
(I'and II) between which is a cleft where the nucleotide binding
site is located. ParM is in an open conformation in the absence of
ADP whereas it changes to a closed conformation with ADP
bound by closing the two domains (Figure 1a). The mutations
T174A/T175N and K33A were made to increase the selectivity
for ADP versus adenosine 5’-trig>hosphate (ATP) and to inhibit
filament formation, respectively.”® To use TMR self-quenching as a
reporter for the dynamics between the open and closed conforma-
tions, two cysteines residues were introduced (D63C/D224C;
Figure la) which reacted with S'-isomers of tetramethylrhoda-
mine iodoacetamide (5-TMRIA) on either side of the nucleotide

binding cleft (the natural, exposed cysteine in the wild-type
protein was mutated to alanine, C287A). The two attachment
positions (or cysteines) in the protein must be sufficiently close
(~1.5 nm) and the cysteine side chains needs to adopt appro-
priate relative orientations for the two TMRs to dimerize in one
of the ParM conformations but not in the other. In order to satisfy
these requirements, several pairs of TMR labeling positions were
tested through a screening process.zs’31 In general, such screening
procedure would be needed to identify the optimum labeling
positions even if structural information is available for a protein.
In the previous ensemble measurement, the ParM mutant (Hiss/
K33A/D63C/T174A/T175N/D224C/C287A) developed as a
ADP sensor showed ~15-fold fluorescence increase and the
characteristic absorbance changes of the rhodamines in response
to ADP binding,28 suggesting that distance change, estimated
from the crystal structures, from 1.6 nm (ADP unbound, open
conformation) to 2.1 nm (ADP bound, closed conformation) is
enough to strongly affect the probability of rhodamines stacking.

We have developed multiple surface immobilization strategies
for snFRET experiments where fluorescently labeled biomolecules
are anchored onto a PEG (polyethylene glycol) coated surface with
alow density such that individual molecules can be resolved as well-
separated diffraction limited spots."*** In our current design, ParM
was surface-immobilized using an antibody against the Histidines-
tag® to achieve specific binding and the total internal reflection
fluorescence (TIRF) microscope'® was used for sample illumina-
tion and data acquisition (Figure 1b). Upon ADP binding, one would
expect the doubly TMR-labeled ParM to change from a fluorescently
quenched to an unquenched state. The oxygen-scavenging system
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Figure 2. (a) Representative TIRF images taken in the absence and presence of ParM with the indicated ADP concentrations and surface conditions
(penta-His-antibody coated surface or not). (b) A representative fluorescence-intensity time trace for the molecules in the absence of ADP, showing
steady and continuous fluorescence over time. (c) The average number of fluorescent spots per imaging area determined in the absence and presence of
ParM and/or ADP. (d) The average number of fluorescence spots per imaging area as a function of the ADP concentration. The red line is the fit to a

hyperbola.

with Trolox was used for imaging to reduce photobleaching while
preventing milliseconds time scale photophgsical blinking of
TMRs (Supporting Information, Figure S1).#

We first validated the assay by comparing the TIRF images,
obtained in the absence and presence of Hiss-tagged ParM at
different ADP concentrations (Figure 2a). Before adding ParM to
the sample chamber containing a penta-His-antibody coated sur-
face, the surface image showed ~30 fluorescent spots per imaging
area (2700 um”) presumably due to surface impurities. After
anchoring the proteins to the surface and flushing away excess
unbound proteins, we observed ~100 fluorescent spots on average
per imaging area in the absence of ADP (Figure 2b). The additional
~70 spots observed beyond the surface impurity spots (~30)
typically show a steady, continuous fluorescence emission over
time with one photobleaching step (Figure 2b), which we assign
to the proteins with only one active TMR attached. Either the
protein is singly labeled or one of the two TMRs has been
photobleached before data acquisition, but in either case TMR
self-quenching would not occur. We then sequentially injected
imaging buffers containing increasing ADP concentrations and
determined the average number of fluorescent spots per imaging
area, N. N increases with increasing ADP concentrations to a
saturation value of ~290 (Figure 2c,d). This indicates a larger
fraction of proteins is bound with ADP at high ADP concentrations
because ADP binding converts ParM from a weakly fluorescent
(or quenched) state into a highly fluorescent (or unquenched)
state and the proteins in the quenched state cannot be detected by
the automated algorithm to pick fluorescent spots. The hyper-
bolic fit to the data points yields a dissociation constant (Kg) of

20 £ 3 uM for ADP binding to the protein (Figure 2d), similar to
the value of 30 &+ 4 uM obtained from previous ensemble
experiments.”® In order to demonstrate that ParM proteins were
immobilized on the surface through specific interactions rather
than nonspecific adsorption, we used a surface without penta-
His-antibody coating and obtained ~40 fluorescent spots per
imaging area in the presence of ADP, which is close to the ~30
spots of surface impurities (Figure 2a,c).

In the presence of ADP, two types of fluorescence-intensity
versus time traces were observed: Type I molecules (around 100
per imaging area at all ADP concentrations tested) displayed
steady (or continuous) fluorescence intensity over time until
photobleaching (Figure 2b); Type Il molecules (the number per
imaging area increased from ~50 to ~200 as ADP concentration
increased from 2 to 400 #M) display two-state transitions between a
weakly fluorescent state (nearly nonfluorescence) and a highly
fluorescent state. Figure 3a shows the representative intensity-
time traces of Type II molecules with corresponding fluorescence
intensity distributions at five different ADP concentrations. The
weakly fluorescent state is not completely nonfluorescent
(Supporting Information, Figure S2) and the fluorescence emis-
sion in the highly fluorescent state is 20 £ S (mean = s.d.) times
larger than that in the weakly fluorescent state, similar to the
15-fold difference between the unquenched and quenched
states determined from ensemble measurements.*® The dwell
time of the weakly fluorescent state (At,g) and the dwell time
of the highly fluorescent state (At,,,) were collected from many
Type II molecules. The histograms of At,, and At.g fit well
with single exponential functions (Figure 3b). The transition
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Figure 3. (a) Representative fluorescence-intensity time traces for the molecules showing two-state dynamics at five different ADP concentrations with
the corresponding fluorescence intensity distributions. (b,c) Dwell time analysis for the two states respectively at the five ADP concentrations. The dwell
time histograms were built from 50 to 100 molecules at each ADP concentration. The red lines are the single exponential fits to the dwell time

histograms. 7, or Tog obtained from the fit is shown next to each histogram.

rates between the two states at different ADP concentrations are
plotted in Figure 4a. Here, k,,, = 1/Tgand kog = 1/Topn, where 7,
and 7T.g are the average dwell times obtained from the single
exponential fits. kg is independent of ADP concentration whereas
ko, displays a linear dependence on ADP concentration. These data
suggest that the two-state dynamics observed in the Type II mole-
cules represent events of single ADP binding to and dissociation
from a single ParM protein carrying two active TMRs with the
unquenched state being the ADP-bound state and the quenched
state being the ADP-unbound state. Therefore, ADP dissocia-
tion rate is equal to kog which is 2.9 £ 0.04 s~ ' (mean % s.e.m.)
and the bimolecular association rate between ADP and ParM is
0.082 4 0.002 s ' uM ' (mean + s.em.), yielding a dissociation
constant K4 = 35 £ 1 uM (mean =+ s.e.m.). These values are all
consistent with the values obtained previously by stopped-flow
experiments.28

To examine the heterogeneity further among different ParM
molecules, we plotted the distribution of transition rates for each
molecule obtained at five different ADP concentrations (Figure 4b).
The scatter plot indicates that the rates of ParM conformational
changes are heterogeneous among different molecules even with
the same ADP concentration. The intermolecular heterogeneity
has been ubiquitously observed in single-molecule studies for the
conformational kinetics and enzymatic activity of biomole-
cules, possibly due to local environment differences, sampling
of conformational substates or small imperfections during the
protein synthesis.>*"**

As mentioned above, a fraction of molecules (Type I) emitted
steady/continuous fluorescence over time both in the absence
and presence of ADP (Figure 2b). A large fraction of molecules
initially showing two-state dynamics (Type II) switched to Type
I behavior (Figure 5a). In contrast, none of the molecules initially
showing Type I behavior switched to Type II behavior. The
mechanism of TMR self-quenching is not well-understood, but
we speculate that the self-quenching of TMR requires that both
TMR monomers are not photobleached so that once one of the

0 5 10 15 20 25 30 35 40 45|
[ADP] (M)
b) 7
= 2 M ADP
6 o 4 uM ADP
ool W LR
25=,%. . " |-40MADP
1T et s A
= 5 ,!':-D H on 'w':
] ?&’%‘ N I 4 : !
o Mool AN YT,
1
0 1 2, 3 5 6
Kon(s™)

Figure 4. (a) The transition rates between the quenched and un-
quenched states at five ADP concentrations. The best fit horizontal was
performed for k.gand the best linear fit was performed for k. (b) Scatter
plots of the transition rates among many different individual molecules at
five ADP concentrations.

two TMRs is photobleached the remaining TMR emits steadily.
The fluorescence intensity histogram for a molecule that changed
from Type Il to Type I behavior showed three peaks (Figure Sb).
The peak at near zero fluorescence intensity (Ir.) represents the
molecule in the quenched state, whereas the peak at the high
fluorescence intensity (Iy;) represents the unquenched state. The
peak at the middle fluorescence intensity (Iy;) represents the
fluorescence emission when the molecule switches into the
“steady” fluorescence state. After a dynamic molecule switches
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Figure 5. (a,b) A representative fluorescence-intensity time trace for the molecules showing conversion from two-state dynamics to steady fluorescence
and the corresponding fluorescence intensity distribution. (This trace was taken at 20 uM ADP.) (c) Distribution of the ratio Ip;/I;; built from 343
molecules that show the type of time trace in (a). The red line is the fit to the sum of two Gaussian peaks. (d) The percentages of the molecules that
convert from the unquenched to the I; state or from the quenched to the I, state when the molecule switches from a dynamic to a steady phase at five
ADP concentrations with calculated probabilities normalized to the average dwell time of the state before the conversion. The example conversion traces

(from Iy to Iy, from I, to I;) are shown in the right.

into the Iy state, only one more photobleaching event was
observed (Figure Sa), indicating that only one active TMR is
present in the Iy; state whereas there are two active TMRs present
in its initial dynamic phase. From many similar time traces, we
collected Ity and Iy values from Gaussian fits of the intensity
histograms and calculated the ratio Iy;/I; for each molecule. The
distribution of the ratio I /Iy obtained from all molecules
showed two Gaussian peaks centered at 0.35 and 0.61, indicating
two different Iy, levels. We notice that the sum of the two peak
values is ~1. Given the fact that the fluorescence level of a single
TMR varies with environment (on D63C or D224C positions;
data not shown), each of the two different intermediate fluores-
cence levels could represent the protein population containing
either of the two active TMRs. The peak at I;/I;y = 0.61 has a larger
population probably because the TMR at one position can be
photobleached faster than the other despite the lower emission rate.

Finally, we asked whether TMR photobleaching occurs sig-
nificantly also from the stacked state or occurs only when the
TMR molecules are unstacked. We further analyzed the intensity
time traces of the molecules that show conversion from a
dynamic to a steady phase and determined the state immediately
before the conversion event. We found the molecule could be
either in quenched (I;) or unquenched (Iy) state before the
conversion to the Iy, state at all the five ADP concentrations tested.
Figure 5d shows that the percentage of the molecules observed to
switch from Iy to Iy increases as the ADP concentration increases,
whereas the percentage of the molecules that show I, to Iy
transition decreases. However, if we consider the average dwell
time of the ADP bound and unbound states and normalize each
percentage value by the fraction of time spent in the two states
(see also Experimental Section), we found that the normalized
probabilities for I;, to Iy and Iy to Iy transitions are both
essentially independent of ADP concentration (0.32 £ 0.03 and
0.68 = 0.03, respectively). This suggests that the probability for
the TMR photobleaching to occur in the quenched, stacked state
is half that for the TMR photobleaching to occur in the
unquenched, unstacked state. We find this observation peculiar
because one would normally imagine that in the stacked state,

nonradiative decay to the ground state would occur much faster
and the likelihood of photobleaching per photoexcitation would
greatly decrease.

The dissociation constant of free TMR dimers (5'-isomers) in
aqueous solutions is very high, ~137 «M,* and indirect evidence
indicates that TMR stacking itself does not §reatly affect the
affinity for the ligand, ADP, or phosphate.***" Overall, it is
reasonable to assume that TMR stacking and unstacking rates do
not limit the ParM conformational changes induced by ADP
binding and dissociation, and are likely to occur on a much faster
time scale than ADP binding and dissociation. There is likely to
be a small but significant amount, for example 5%, of unstacked
TMRs in rapid equilibrium with stacked TMRs in the apo (or
weakly fluoresent) state that could be responsible for the low
fluorescence rather than the nonfluorescence. In addition, it is also
possible that fluorescence quenching by stacking is not complete
because of conformational constraints exerted on the TMRs by
tethering them to the protein surface. Even the ADP bound,
unquenched state may represent a rapid equilibrium between the
stacked and unstacked states favoring the unstacked state.

In conclusion, we demonstrated a surface-tethered single mole-
cule assay to study the intramolecular conformational dynamics of
biomolecules in short distance range (1—3 nm) based on self-
quenching of two TMRs. We have shown that a subnanometer
distance change (between 1.6 and 2.1 nm) between the two
TMRs attachment points on a ADP sensing protein caused by the
protein conformational dynamics can be sensitively detected by
~20-fold fluorescence intensity change. This single molecule
assay is applicable to the studies of small conformational dynamics
of other nanodevices based on biomolecules at short distances as
long as rhodamines are positioned correctly, through a screen-
ing process, to take advantage of the structural changes.>’ Our
method based on fluorescence quenching of two stacked rhoda-
mine should be able to extend the single molecule analysis of
biomolecules and other nanoscale machineries to the FRET-
insensitive distance range, opening up many new opportunities.
In addition, our work provides new insights about photophysics of
rhodamine dimers that could not have been obtained otherwise.
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Experimental Section. Sample Preparation. Flow chambers
were prepared on mPEG-coated quartz slides doped with biotin-
PEG as described.'®* A 0.2 mg/mL sample of neutravidin
(Thermo) was incubated for S min to generate neutravidin-coated
flow chambers and the unbound excess neutravidin molecules were
flushed away. Ten nanomolars of biotinylated penta-His antibody
(Qiagen) was then incubated for 10 min on the neutrAvidin-coated
surface followed by flushing away the unbound excess antibodies as
previously described®® (this step was omitted for the control
experiment where we showed ParM proteins were indeed immo-
bilized on surface through specific interactions). One nanomolar of
ParM was incubated for S min and the imaging buffer containing
30 mM Tris-HCI (pH 7.5), 25 mM KCl, 3 mM MgCl,, 4 mM
Trolox, and 0.1 mg/mL BSA with an oxygen scavenging system
(1 mg/mL glucose oxidase, 0.4% (w/v) p-glucose and 0.04 mg/mL
catalase) was injected into the flow chamber for single-molecule
data acquisition. The measurements were performed at room
temperature (22 £ 1 °C). ParM, labeled with rhodamines, at
stock concentration of 322 uM was obtained and stored using
standard buffer (30 mM Tris-HCI, 1 mM DTT, 150 mM KCl,
1 mM EDTA) as previously described*® and diluted into 1 nM
concentration right before each experiment.

Single-Molecule Data Acquisition. The prism type total
internal reflection fluorescence microscopy (TIRF) 164 vas used
to acquire all the single-molecule data. Briefly, a Nd:YAG laser
with 532 nm wavelength was guided through the prism to
generate an evanescent field of illumination. A water-immersion
objective (60, numerical aperture 1.2, Olympus) was used to
collect the signal and the scattered light was removed using a
550 nm long-pass filter. Although the laser was set up specifically
for Cy3-CyS FRET experiment, this set up can be used for
rhodamine, which has a similar spectroscopic profile to Cy3
fluorophore. The fluorescence signal was sent to a high-speed
CCD camera (iXon DV 887-BI, Andor Technology). Time
resolution of 0.03 s was used for data acquisition.

Data Analysis. The fluorescent spots were determined using a
custom DSL program described before.*® The average number of
the fluorescent spots per imaging area (2700 m”) was calculated
from 20 or more TIRF images taken from different regions. For the
two-state fluorescence dynamics, the dwell times in each state were
estimated from intensity-time traces (having at least 10 turnovers;
50—100 s long) using a custom MATLAB (Mathworks) routines
using a thresholding criterion described before.*> Dwell time histo-
grams were built from 50 to 100 molecules at each ADP concentra-
tion and fitted to single exponential functions to obtain the average
dwell times (7., and T,g). Rate constants were estimated as the
inverse of the average dwell times.

To obtain the normalized probabilities in Figure 5d, we consider
the average lifetime of the state immediately before the molecule
converts from a dynamic to a static phase (7., if the state was Iy, Togif
the state was I; . We define the percentage of the molecules that show
I1, to Iy transition is x; and the percentage of the molecules that show
It to I transition is y; at the ADP concentration of i (i =2, 4, 10, 20,
40 uM; x;+y;= 1). The normalized pr(/)bability for the molecules that
show I, to Iy transition is given by &; = (x,/Tog)/ (%/ T + ¥i/ Ton)
and the normalized probability for the molecules that show I to Iy
transition is given by y; = (9/Ton) / (%/ Toe + yi/ Ton), where x; + y; = 1.

B ASSOCIATED CONTENT

© Supporting Information. Representative fluorescence-
intensity time traces of a single TMR fluorophore with and

without Trolox in the imaging buffer. Representative fluore-
scence-intensity time traces of a single ParM-based ADP sensor
for differentiating the fluorescence emission in the quenched state
from the background. This material is available free of charge via
the Internet at http://pubs.acs.org.
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