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We describe a simple approach and present a straightforward numerical algorithm to compute the best fit
shot-noise limited proximity ratio histogram (PRH) in single-molecule fluorescence resonant energy transfer
diffusion experiments. The key ingredient is the use of the experimental burst size distribution, as obtained
after burst search through the photon data streams. We show how the use of an alternated laser excitation
scheme and a correspondingly optimized burst search algorithm eliminates several potential artifacts affecting
the calculation of the best fit shot-noise limited PRH. This algorithm is tested extensively on simulations and
simple experimental systems. We find that dsDNA data exhibit a wider PRH than expected from shot noise
only and hypothetically account for it by assuming a small Gaussian distribution of distances with an average
standard deviation of 1.6 A. Finally, we briefly mention the results of a future publication and illustrate them
with a simple two-state model system (DNA hairpin), for which the kinetic transition rates between the open
and closed conformations are extracted.

1. Introduction amount of recent theoretical and experimental work has been

Forty years after Stryer and Haugland proposed to use put into_ trying to obtain more quantitative infc_)rmati_on fron_1
fluorescence resonance energy transfer (FRET) as a moleculathese smgle-mo!ecule experiments, and this article will describe
ruler? single-molecule fluorescence resonance energy transfern€W tools for this purpose.

(SMFRET) has become a widely used tool for monitoring relative ~ Before delineating the domain of application of our work, it
changes in distances but also absolute distances between a dond$ Worth remembering that there are two very different types of
and acceptor dye attached to either freely diffusing, vesicle- SMFRET experiments (or in general, single-molecule spectros-

encapsulated or surface-bound biomolecéfesThese ap- ~ COpy experiments): (i) those which provide information on a
proaches have been used to study (i) the conformation andfew individual molecules over long periods of time (they involve
conformational dynamics of nucleic acids, ribozyresnd immobilized molecules, slowly diffusing molecules, or tracked

proteins? (ii) the interaction of proteins with nucleic acids or molecules); and (i) those which provide only instantaneous
other proteing;” (iii) the dimerization of membrane receptors Shapshots of single-molecule properties, but do so over a very
in live cells8 (iv) the folding and unfolding of protein®® and large number of molecules (these experiments usually take
many other questions described in recent revigdsto-13 adyantage of the Bfownian diffusion of mole_culgs in a solution
Although FRET in principle provides a way to obtain ©Orina memprgne, in and out_ofasmall eXC|tat|.on vglume). In
distances between dyes, and therefore to obtain structuralP0th cases, it is always possible to extract typical time scales
information on molecular species, in practice extracting accurate ©f the molecular fluctuations using (fluorescence) correlation
distances from smFRET measurements can be delicate due tg"€thods, but this aspect will not be treated here.
the difficulty of measuring critical experimental parameters such ~ For molecules attached to a surface or enclosed in slowly
as the dyes’ rotational freedom of motion (and hence the moving vesicles, donor and acceptor fluorescence fluctuations
orientational factor«?), detection efficiencies, dye quantum occurring in an individual molecule can in principle be
yields, donor fluorescence leakage in the acceptor channel, ormonitored continuously. Once the optimal, shot-noise limited
direct excitation of the acceptor, to cite only a f&t#5 Luckily, time binning of the photon stream has been determifed,
even without a complete knowledge of all these parameters,Standard single-molecule time-trace analysis can be performed.
SMFRET measurements have demonstrated their utility to detector instance, the distribution of values reached by an observable
structural changes and quantify conformational subpopulations, ¢an be characterized by histogram analysis, possible molecular

as well as, in certain conditions, giving access to the time scalesstates identified (corresponding to specific values of one or more
of various fluctuations taking place in biomolecules. A large Observables), and the conversion rates between these states

quantified® Time traces, therefore, provide unique information

T Part of the special issue “Charles M. Knobler Festschrift”. on the dynamics of the system, which could hardly be obtained
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millisecond in solution), producing small bursts of donor (D) refs 25 and 30). Even though these steps were usually made
and acceptor (A) emitted photons of a few dozen to a few with cautionary wording, criticisms have appeared in the
thousand photons each. Such a small number of photons isliterature rightly questioning their legitimaéy.To understand
enough to spectrally identify the dye molecules present in the whether it is possible to extract more information than the mere
burst, to extract their stoichiometfy/-18and to compute other ~ average FRET value (and in particular whether there is any hope
simple quantities on the basis of the total number of photons of extracting distance distribution or even energy landscapes
collected in each detection channel (such as FRET effici€ncy from such smFRET experiments), it appears necessary to first
or polarization anisotrop¥). Other ensemble quantities, such account for the exact contribution of the shot noise to the shape
as diffusion coefficient, concentration, and time scales of of the experimental histogram, taking into account all available
fluctuations, can also be extracted from such experiments usingexperimental information.

FCS types of analysé&lf pulsed-laser excitation is used rather In this article, we show that it is possible not only to compute
than continuous-wave laser excitation, time-correlated single- the exact histogram width due to shot noise (and not only an
photon counting (TCSPC) measurements can also provideupper bound) but also to account for the global shape of
lifetime information, which, in addition to helping identify the  experimental histograms, assuming a few simple hypotheses on
molecular species in a single burst, can also be used to measuréhe experimental system. The only required ingredient of our
FRET efficiency?223 In general, however, the number of analysis is the observed burst size distribution, information that
photons in a single burst is usually insufficient to perform any is readily available from the experiment although usually not
time-trace analysis, except in a few rare cases of long btfrsts. exploited. We focus on a simple FRET observable, the proximity
Instead, in smFRET diffusion experiments, quantities are ratio PR, which is related to the FRET efficiency by a simple
computed at the burst level using all photons in each burst andrelation. In particular, we show that PR histograms obtained
then histogrammed. from simulated smFRET data can be fully accounted for by

Diffusion-based measurements have several advantages ove®ur approach. Deviations from this result are characterized for
immobilized-molecule measurements: there is no need to (i) different nonideal situations. We also study the PR histograms
develop immobilization chemistry (neither surface treatment nor Of typical single-molecule FRET experiments and discuss
molecule functionalization), (ii) worry about surface-interaction POssible sources of the discrepancies between observed and
effects, and (i) worry about photophysical artifacts due to the Predicted histograms.
proximity of the surface (higher background, nonradiative  While this manuscript was being completed, a similar and
transfer, etc.); (iv) finally, diffusion-based measurements allow independent analysis was published by Antonik &t Although
the accumulation of data coming from several thousands of Poth works use the same basic premises, i.e., that the observed
different molecules in a matter of a few minutes, a feat that Signal is principally due to the combination of shot noise and
cannot be attained with surface immobilization, where at most burst size distribution, our work provides a complementary
a few hundreds of molecules can be monitored at a time. result, numerical and experimental verifications and practical

In summary, in both approaches (immobilized or diffusing algorithms to compute the theoretical histograms. Although shot-

molecules), the common products of SmMFRET data acquisition noise issues that will be discussed in this article also occur for
are histograms of observed values computed from a generallyt|me-trace analyses, we will not deal with these issues in this

small number of photons and can be therefore severely affecte rticle. A recent pgbllcauon .by the ang group presents an
by shot noise. interesting alternative analysis of the influence of shot-noise

. . lied specifically to smFRET time-trace data of immobilized
To analyze these histograms, early SmFRET experiments use poﬁecul e233 y
;S)Irrg\r;ifir:gtlr(;%gu?gﬁlor?lzres)ucr:ezsn szl:jzlé?ﬂ; ?I?rt]réburﬂggzhre d This article is organized as follows. In section 2, we define
X . . . the proximity ratio histogram (PRH) and intr i
observablé?25-27 The question remains regarding what infor- P y 9 ( ) oduce basic

tion t tract f th d ter of th fit concepts and notations used in the remainder of the article.
mation 1o extract from the second parameter of these TiiNg gq 4o 3 giscusses the possible sources of broadening of the
functions, namely, their standard deviation. It was clear that

the width of th distributi ¢ v d dent on th PRH and presents a model of the shot noise contribution to the
€ width ot these distributions was strongly dependent on the ppyy 444 an algorithm to compute it. Section 4 describes our
average signal collected in each burst (small bursts yielding

o ts than | due to shot noi o material and methods. In section 5, we test our model using
noisier measurements than ‘argeé ones due 1o sho n0|se): "humerical simulations of SMFRET experiments, studying various

h teristic of actual . A de it probl tic to def Spossible artifacts that may result in deviation from the model.
charactenstic of actual expenments made it problemalic 1o define Having checked the validity of our approach on simulated data,

agLanée :elatttlon klet;/veen d av?ra%ethburstl st!ze and igrl]stogframwe use it on several experimental model systems in section 6.
wiath. Early atiempts fo understand this relation were INerelore \ye giscyss our results and the possible extensions of this work

limited 10 e_stlgnzastlzgg a lower bound of the histogram _W'dth due to the study of dynamical systems in section 7 and conclude in
to shot nois@%2829 Analyses of the shapes of the histograms section 8

were essentially limited to counting the number of peaks
(indicative of the number of distinct populations of molecules) 2. The smFRET Proximity Ratio Histogram (PRH)
and the areas under these peaks (representing the fraction of smFRET Photon StreamsFigure 1 of refs 14 and 18 shows
the molecules belonging to these identified populations). These g schematic of a typical diffusion-based smFRET experimental
populations could, for instance, correspond to different biomol- setup using continuous-wave laser excitation. The raw data
eculed® or to different conformations of the same single extracted from such a setup consists of one or more streams of
moleculé® depending on the experimental situation. photons collected by separate detectors (usually single-photon
Recently, attempts were made to convert FRET efficiency counting avalanche photodiodes, or SPADs). When a single laser
distributions into distance distributions using the well-known excitation is used, one detector collects mainly photons emitted
Forster dependence of the energy transfer on distance (step 1py the donor molecule of the “Ester pair, while the other
and sometimes into free energy landscapes assuming a-Gibbs collects mainly photons emitted by the acceptor molecule. When
Boltzman distribution of distances (step 2) (for example, see alternated laser excitation (ALEX) is used, each detector collects
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two temporally intertwined photon streams, corresponding to
donor excitation periods and acceptor excitation periods,
respectively?1418In both cases, the signals used to compute
the proximity ratio are the signals collected during donor
excitation. Adopting the notations of ref 14, we will denote by
FxE the signal (number of photons) collected by channel E
(donor D or acceptor A) during excitation with the laser line
specific of dye X (donor D or acceptor A). As discussed in the
. . . . . . All Photons Burst Search (APBS)

reference cited above, this signal contains contributions from B < >
the fluorescent molecule of interest, but also background signal, Dual Channel Burst Search (DCBS)
and in some cases, cross-talk from the other dye molecule. < >
Limiting ourselves to donor excitation

Photon
Stream

Binned
Photons

photons per bin

Time

>

photons per bin

FDD — DFDD + AFDD + DﬁAFDD + BDD

! Bleaching
—

APBS . Time

>

=PF+0+0+8B,° (1) C

FDA — DFDA + AFDA + DﬂAFDA + BDA

= Lk + Dir + FTRET+ B A 2)

photons per bin

Where the left upper index indicates the origin of the signal:
D denotes the donor dye, A the acceptor dye, aneflenotes
acceptor signal originating from FREBgP is the background D <
signal in the donor channel. There is usually no cross-talk of the
acceptor dye in the donor detection channel; therefore, the sec-
ond and third terms of the right-hand side (RHS) of eq 1 are
equal to zero.

The first term of the RHS of eq 2 is the signal coming from
the donor dye detected in the acceptor channel, or leakage (Lk).
Its importance can be estimated from the theoretical emission = H
spectrum of the donor and the wavelength-dependent detection Time
efficiency of the acceptor channel or, experimentally, from the Figyre 1. A schematic comparison of the all-photon-burst-search
observation of donor-only labeled molecules. The second term (APBS) with the dual-channel-burst-search (DCBS) for three possible
corresponds to the direct excitation of the acceptor dye by the scenarios. The green line represents the sum of donor photons and
donor-excitation laser. Its importance can also be estimatedacceptor photons detected during the green laser periods, while the red
theoretically or measured experimentally on an acceptor-only line represents the red photons detected during the red laser periods.

- . : ) A. Schematic relationship between photon streams and binned time
labeled sample, as explained in ref 14. The third term is due to traces. B. Bleaching scenario. In the case shown here, the acceptor

FRET, and the final term corresponds to background signal in peaches toward the end of the burst. The APBS algorithm considers
the acceptor channel. all the detected photons as belonging to the same burst and, hence,
Definition of Bursts. In the absence of any molecules, only results in a calculated PR value that is lower than the true value. On
background signal is detected in each channel. This occurs a sigthe contrary, the DCBS algorithm interrupts the burst where the acceptor
ifcant par ofthe tme indifuson-nased singe-molecue sx- = betet i 1 on s 10 e & Biig s,

p_erlments. Every n_ow ar_1d th_en_, however, yvhen a molecul_e _tran-A’ the APBS algorithm FESL’HtS ina PFI)? value that is gllower than the
sits through th? dllffracthn-lllmlted excitation volume, a f'n'te. true value. The DCBS algorithm results in two successive, smaller bursts
number of excitation/emission processes take place, resultingwith an accurate PR value. D. Coincidence scenario. In the case shown
in additional photons being detected during a brief period of time here, the B-A species is mixed with a donor-only molecule toward
(typically on the order of one millisecond or less). These bursts the end of the burst. The APBS algorithm considers all photons as
of photons are naturally those we are interested in, and the belonging tola uniqge burst, resulting in an inaccurate PR yalug. The
question arises regarding how to define their beginning and end. DSBS algorithm rejects part of the donor photons, resulting in an
: . . _improved PR value.

Several algorithms have been proposed, based either on time-
trace binning and thresholdi?fgor interphoton time averaging  of parameters). As we are using an ALEX scheme, the burst
and thresholding?® and, more recently, maximum likelihood search is performed on all collected photons (from both the
statistical analysi&! Here, we propose a novel burst detection donor and acceptor channels and from both laser excitation
scheme taking advantage of ALEX, that allows us to separate periods). We call this simple definition the all-photon-burst-
donor-only and acceptor-only bursts from doubly labeled bursts, search (APBS) method.
as well as to interrupt a burst when one of the dyes bleaches. As mentioned, this method was originally developed for

Let us first consider a simple burst definition inspired from single-molecule diffusion experiments using a single laser
that proposed by Seidel and co-workétdn this definition, excitation, using both the donor and acceptor photons to
photons belong to a burst if at ledssuccessive photons have determine the beginning and the end of a burst. With ALEX,
at leastM neighboring photons within a time window of length  additional information on the molecule diffusing through the
T centered on their own arrival time. Typical parameters used excitation spot can be obtained. In particular, it is possible to
in this work areL = 50, M = 30, andT = 500us, but others determine whether and when the burst consists of photons
could be adapted to different experimental situations (see coming from a single donor dye or from a single acceptor dye.
Supporting Information S1 for further illustration on this choice Figure 1 illustrates how this information can be used to better

é Blinking

APBS y Time

>

DCBS

photons per bin

Coincidence
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define the beginning and end of a burst in cases where the APBS Extracting the quantities intervening in eq 3 from the raw

method would result in skewed FRET estimation.
The first case (Figure 1B) is encountered when one of the

detector dat&pP andFp” can be difficult and lead to undesired
uncertainties. Therefore, it is a common practice to compute

dyes bleaches during the molecule’s transit through the confocalnot the FRET efficiency valuk (eq 3) but instead the so-called
spot. If the donor bleaches (case not shown), the remaining proximity ratio PR defined as

acceptor-only signal (visible during the acceptor excitation
periods) will skew the FRET efficiency toward a larger value.

Note that, if one uses a standard single-excitation scheme, this

case is eliminated altogether, since donor bleaching will simply
truncate the burst. If the acceptor bleaches, the remaining donor
only signal will reduce the calculated FRET efficiency value

compared to its true value. Both cases will contribute lower or
larger values of the FRET efficiency, widening the dispersion
of this observable. A different but related phenomenon, blinking,
is illustrated in Figure 1C for the acceptor. Here, the APBS
method would define the burst as the period between the

appearance of both donor and acceptor signals and their
simultaneous disappearance. The time interval during which the

acceptor blinks will therefore result in a calculated FRET
efficiency value lower than the true value (which should be
calculated only for the time windows when both dyes are
fluorescent). Finally, in the case when the diffusion of two
molecules through the excitation volume overlaps in time
(Figure 1D), it is important to be able to separate the contribu-
tions of two molecules that could exhibit very different FRET
efficiencies. The APBS method obviously does not fulfill this
requirement. To handle the issues raised by these different case

we propose a new burst search method based on the adde

information provided by ALEX, which we dub the dual-channel-
burst-search (DCBS) method. A first step consists of a burst
search including the donor and acceptor photons detected durin
the donor excitation periods. The second step consists of

separate burst searches are combined, it is possible to defin
time intervals during which both the donor and the acceptor
are active. These intervals define the burst durations. Typical

values used for each individual burst search used in the DCBS

methods are. = 25, M = 15, andT = 500 us (see Appendix
A for a justification of these values).

The remainder of this article will use the DCBS method,
unless stated otherwise.

Definition of the Proximity Ratio. Ideally, one would like
to measure the FRET efficiency valle for each detected
molecule (burst) and study its distribution within the sampled
population. To do this, one would have to use the standard
definition of E

D—A- A
F D

®)

B DHAFDA + j/DFDD
where the factoy is the ratio of the donor and acceptor products
of the detection efficiencyr() and quantum yield®)

_ 1pPp
NaPa
Although we will not directly discuss distance measurements

in this article, it is worth recalling the relation betweErand
the distanceR between donor and acceptor molecules

R\6]-1
E=|1+|=
[ ()]
whereRy is the so-called Fster radius, characteristic of the
dye pair.

(4)

®)

ot

R=———— 6
Fol + Fp’ ©

The proximity ratio PR reduces to the FRET efficierteywhen
there is no leakage, background, and direct excitation of the
acceptor, ang = 1. Obviously, this is rarely the case, so that
PR values cannot be used, in general, to extract real distances.
However, qualitatively, PR follows the trend Bfupon changes
in donor—acceptor distance. In other words, a decrease of PR
value can be interpreted as a decreask, iar equivalently an
increase in distance between donor and acceptor, and recipro-
cally. Moreover, in many experimental cases, even though there
is leakage, background, and direct excitation of the acceptor,
their contribution is minimal on the calculated histogram, as
will be shown in a later section. Finally, it is always possible
to artificially achieve g ratio of 1. For instance, one can slightly
misalign one detector as described in ref 14. However, this can
result in a large offset between the donor and acceptor detection
volumes, which has a detrimental effect on the PRH, as will be
discussed in a later section. Another way of adjusting the
etection efficiency of one channel is by discarding a constant
action of the detected photons by this channel. These reasons
justify considering the PRH as we will now do. An added benefit
of the PRH is that, being calculated from raw counting data

a?(eq 6), it involves only integer numbers, which greatly facilitates

separate burst search including only the acceptor photons
detected during the acceptor excitation periods. When these two

the theoretical analysis.
To simplify notations, we will replace the quantities® and
Fo” by D andA, the number of photons detected by the donor

%nd acceptor channels, respectively, and will call their &1m

= A + D, such that

A A
PR A+D S ()
Note that, in some figures, the symt®Wwill be used for the
ALEX stoichiometry ratio introduced in refs 6, 14, 13, and 35
without possibility of confusion. For the sake of completeness,
we recall here the definition of this ratio, used in alternating
laser configurations

S=(Fp? + FFREN(FL° + FRET+ F%) 8)

In this work, FFRET will be replaced in eq 8 b¥p” (eq 2) for
simplicity.

The Proximity Ratio Histogram. As defined in eq 7, the
set of PR values obtained from the multiple bursts detected in
a single experiment are rational numbers between 0 and 1.
Although rational numbers are dense in the interval [0, 1], the
distribution of numbers obtained as a ratio of two integer
numbers is not uniform in this interval, as illustrated by the
comb distribution of Figure 2.

Antonik et al. made a similar remark concerning the ratio
FpP/Fp? = 1/(1+ PR) they studied in ref 32, although the range
of this ratio is not limited to [0, 1], contrary to the PR. Citing
ref 32, “the discrete nature of the distribution leads to features
that introduce binning artifacts in the generation of histo-
grams: probability ‘spikes’ at certain values and probability
‘voids’ around the spikes”. Although histograms were generated
in logarithmic scale in ref 32, the same question of how to
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A debated for some time as to what to extract from the second
moment (standard deviation or width) of these fitted functions.
Quoting from ref 25, “one must exercise great caution in
interpreting the width of FRET distribution”, due to the interplay
of many factors, including shot noise. Nevertheless, this and
other works have gone beyond this cautionary statement and
extracted distance distributions and free energy landscapes from
the FRET histogram (see, for instance, refs 25, 37, and 38).
Shot-Noise Contribution to the PRH. We now formalize
T the concepts introduced previously. Our goal is to obtain an
0.0 0.2 0.4 0.6 0.8 1.0 estimation of the shot-noise contribution to the width of the
PR PRH. Our starting point will be the burst size distribution and
B 300 . , . , the hypothesis that this information is sufficient to predict the
VA shape of the PRH histogram, knowing the average weights of
2501 . acceptor and donor channels in the sample.
200l 1% 2, ] The experimental burst size distribution BSD is a histogram
of measured burst sizeS€ A + D), a direct output of the ex-
150+ Va % 1 periment. Note that, although we will in practice use a “filtered”
1001 ] burst size distribution, relying on the ability of the ALEX method
to reject donor-only and acceptor-only bursts, the following
50+ 1 discussion is independent of the exact distribution that is used.
0 For instance, the analysis can be performed on the PRH gener-
00 02 04 06 08 1.0 ated from all bursts coming out of the burst search algorithm
PR or post-ALEX filtering or after thresholding, and so forth. In
Figure 2. A. Distribution of valued[i/N; 0 < i < N} for N = 1—-10. each case, our analysis will generate a shot-noise limited histo-
B. Distribution of valuegi/N; 0 < i < N; 1 < N < 503 . The zero- gram that best fit the experimental PRH, enabling their compar-
count is not representee-600). ison and the evaluation of additional contributions to the PRH.
The only hypothesis in the analysis is the nature of the
distribution of counts in the acceptor and donor channels in each
burst and an associated free parameter. We will now argue that
this distribution is binomial and therefore fully characterized
by the probabilitye (to be determined) that a photon will be
detected by, say, the acceptor channel.
That the photons emitted by the acceptor dye are distributed
according to a binomial distribution follows from the definition
of FRET: for each donor excitation followed by an emission
event, the probability that the photon will be emitted by the
acceptor is by definition the FRET efficien&y In this respect,
if we were in the ideal situation where there would be no
leakage, no direct excitation of the acceptor, no background,
and 100% detection efficiency in both channels, counting the
acceptor photons would constitute what the statistical literature
calls a Bernoulli trial, with probability of succe&s Considering
all bursts Dj, Aj) of sizeS, we would find that the probability
of obtainingA counts in the acceptor channel, given the total
number S of detected photons, is given by the binomial
distribution

o

[ = R = R = R = i u
0O o0 o o oo

L[ | | [ (I | A | N [ N [}
= N W hHhOON 0O =

zZ2zzzzzzZzzzZzZz

Occurence

determine the optimal bin size to generate histograms (in our
case, PRH’s) occurs in these two approaches.

One possible choice consists of using a fixed bin size for all
experimental situations, which is small enough (say, 100 bins
over the [0, 1] interval) to reveal potential fine features in the
PR distribution (e.g., close multiple peaks). The problem with
this is that the PRH will exhibit spikes and voids, even for a
smooth underlying FRET efficiency distribution.

An alternative consists of using a statistically optimal bin
size, such as that recently proposed by Kri§thhis approach
adapts the bin size to the underlying distribution, without prior
knowledge of its actual shape. As an example of the outcome
of this approach, the optimal bin number calculated for the
combed distribution shown in Figure 2B, is 1. This number is
perfectly adapted to the theoretically flat distribution of rational
numbers in the interval [0, 1] as shown in Figure S1. Unfor-
tunately, the Knuth algorithm breaks down for most “spikes”
and “voids” types of histograms. We therefore modified the
Knuth algorithm to handle this particularity of PRH, as described
in Appendix A. Briefly, we resort to dithering, a standard
pretreatment of discrete data sets, by adding a small random S
number to each PR value, before applying our modified Knuth P(A|S) = (A
bin size optimization. Once this is done, this optimal bin number
obtained for a “smoothed” data set is used for the raw data
resulting in histograms mostly devoid of spikes and voids.

S

A _ S-A _
)E(l B ~A(S—A)!

Ef1-E)" (9)
'In a nonideal case, the detection efficiencies for each channel
A . 8 > . will be different from 1, and there will be leakage and direct
) In the fqllowmg, we wil present either hlstograms with 100 g, citation issues. Nevertheless, the probability of detecting an
bins or with the optimal bin number defined previously. The ,.centor photon rather than a donor photon should still be
100 bin histograms will serve to illustrate the striking ability 54 0terized by a constant. The contribution of background in
of our apalyss (described in the next section) to account fOr 1oth channels has a different effect, since it depends only on
th_e distribution of measured PR' whereas f[he optimal histogramy o st duration, not on the excited molecule trajectory. In
will represent data without spikes and voids. the following discussion, we will assume that no background
. . is present and will postpone the discussion of the influence of
3. Shot-Noise Broadening of the PRH ba?:kground (and ot%er foects) on our results to a later section.
Sources of Broadening of the PRHExperimental SmFRET Under these conditions, the same property of Bernoulli trials
histogram are usually well-fitted by Gaussian functiS§@%and/ used to compute the probability of detectiv@cceptor photons
or log-normal function® or sum thereof providing a simple amongS emittedphotons in the ideal case can be used in the
way to obtain average FRET or average PR values. It has beemonideal case to compute the probability of coun#inacceptor
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photons when a total db photons aredetected Namely, the
probability of this to occur is given by the binomial law, with
the replacement dt in eq 9 by an unknown parameter

P9 = 3] ha - o™

The value of the parameter will be used as an adjustable
parameter in the following, but could in principle be calculated
from the knowledge of all relevant experimental parameters
(leakage, direct excitatiory, factor) as discussed by Antonik et
al32 and in Appendix C.

With the hypotheses recalled before, eq 10 gives the prob-
ability of observingA acceptor photons in a burst 8photons.
This is therefore also the probability of observing a PR value
equal tox = A/Sfor bursts ofS photons

p.x=ASS =P (AI9d(x — A9
Limiting ourselves to rational values this can be rewritten
P.(PR= X9 = P (x39yy(XS (12)

where we defing/(t) as the characteristic function of natural
numbers

(10)

11)

1 ifteN
0 otherwise

() = {

The total probability to observe the PR vakieequires summing
eq 12 over all burst sizes weighted by their probability, given
by the burst size distribution

(13)

p.(x) =
Smax

BSD(© x P.(x§9y\(x9 if xe QN[0,1]
4 ‘ (14)
0 otherwise
where B is the total number of bursts in the BSD, aBgin
(respectively Snay the smallest (respectively, largest) burst size

taken into consideration. Introducing the characteristic function
of rational numbers in [0, 1]

in

1if x e QN[0,1]

0 otherwise (15)

XQm[o,l](X) = {
one obtains

S‘nax
BSD(@© x P.(x§9xn(xS (16)

in

P(X) = Xonpu X =
Bs<

Using eq 10, we end up with our final prediction of the
probability distribution of PR values (in the absence of
background)

P.(X) = Xonp.y(¥) X
Sﬂax

Z'Y BSD(S x
o2

(fs)exs(l =99 an

in

To obtain the predicted PRH, a natural way could be to compute
the number of predicted occurrences of each PR valby
multiplying eq 17 by the total number of bur®sand histogram

Nir et al.
can be obtained for several different burst sizes)

S’ﬂa)(
(5+1)=

in

N =
S=

(Smax+ Shin T 2)(Snax — St 1) N Smax2 (
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5 )
Since the calculations in eq 17 invol®&ax — Smin + 1 terms,
each one requiring a test of rationality xand evaluation of

a CPU intensive expression, this approach may take quite some
time for BSD with very large bursts. In addition, eq 17 contains
the free parameterthat remains to be evaluated, which means
that the whole procedure would need to be repeated within a
minimization algorithm. It turns out that a simpler alternative
algorithm can be used, resulting in an excellent approximation
of the predicted PRH.

Computation of the Best-Fit Shot-Noise Limited PRH.The
derivation of eq 14 provides the basis of our algorithm. The
probability to observeé acceptor photons in bursts of sidés
given by the binomial lawP.(A|S). To obtain the number of
occurrences of the PR value= A/S this probability needs to
be multiplied by the number of bursts of sigeBSD(S). We
now claim that a good approximation of the quantity BSD(

x Pc(A]S) can be obtained as the number of occurrence& of
acceptor photons when one draws BSDfumbers from a
binomial distribution characterized by, (9. This follows
directly from the definition of a binomial distribution, which is
obtained asymptotically for large numbers of trials. The number
of occurrences of the valul& estimated in this manner may
depart from the theoretical value, but the difference will be
significant only for burst sizes which are rarely represented
(because one does not perform enough trials to uniformly sample
the distribution). But for this same reason, the discrepancy will
have little influence on the histogram, as only a few bursts (i.e.,
PR values) will be concerned. To compensate for this lack of
sampling of the binomial distribution for under-represented burst
sizes, it is also possible to systematically oversample all binomial
distributions by an arbitrary factdf (e.g.,N = 10), i.e., replace
each BSDg) value byN x BSD(9), perform as many trials
and divide the final histogram b). In practice, for reasons
that are described in Appendix D, we simply go through the
collected set of bursts and draiv numbersA distributed
according to a binomial distribution of parametees § for
each burst (of siz&). The final PRH is then divided bi. In
summary, our algorithm to compute the shot-noise limited PRH
for an experimental distribution of bursts is the following:

(i) Choose an oversampling factdr and a realistic initial
valuee.

(ii) For each bursi of size S, draw a numbeA from the
binomial distributionP(A|S) of size S and probabilitye.

(iiiy Add the valueA/S to the PRH.

(iv) Repeat (ii)— (iii) N times.

(v) Repeat (ii) to (iv) for each collected burst.

(vi) Divide the final PRH byN.

(vii) Improve one, for instance, using a dichotomic search
and least-squares minimization.

As random number generators distributed according to the
binomial law are available in most scientific calculation software
(LabView, Matlab, http://www.gnu.org/software/gsl/, etc.) or

these values with the same bin numbers as the PRH. In practicecan easily be programmed using published algoritffhmsple-
however, this means calculating eq 17 for each possible rationalmenting the above calculation is straightforward. The minimiza-

value x accessible from bursts in the BSD, which number is

tion step needed to compute the begalue is performed using

close to (we neglect that, as shown in Figure 2, identical valuesthe least-squares method and proceeds by dichotomy, starting
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from a reasonable estimate of the mean of the PRH. The A cy3B @ ATTO-647N @
resulting histogram is the best shot-noise limited fit of the
experimental PRH.

In comparison to a direct calculation of the PRH using eq 8bp
17, which involves a number of computations scaling as a power
law of the maximum burst size, the previous algorithm scales
linearly with the number of bursts. To appreciate the importance 13pp 5 ~TAAATCTAAAGTAACATAAGGTAACATAACGGTAAGTCCA-3’
of this difference, consider two data sets differing by a single P 37 ATTTAGATTTCATTGTATICCATTGTATTGCCATTCAGGT-5
burst with a size 10 times larger than the others. These two
data sets will take an identical time to analyze with the proposed , ,
algorithm, whereas the direct calculation will require 1000 times 18 bp §:§:‘;§§§?§;§§:§:§£§:§iﬁ£ﬁ$§ti
longer for the data set containing the extra burst. Another
advantage of this algorithm, which amounts to a Monte Carlo
calculation of eq 17, is that it is easily extended to more complex
situations, as will become clear in the remainder of this article.

Influence of Background and other Phenomena on the
PRH. Background was neglected in the previous discussion
because the number of background counts in a burst depend: 30 bp
solely on the average background count rates and the bursi
duration. Therefore, the ratio of background counts in the
acceptor channel to total background counts is a constant, butg
one which is unrelated to the constant ratidefined above.
As a consequence, the presence of background counts skew @
the theoretical ratio of counts in the acceptor channel to total 5’ -T@GTT- (T),; ~-AACCA-TTCTTCACAAACCAGTCCAAACTATCACAAACTTA-3
counts &/S) in a burst-duration dependent manner and com- 37 -AAGRAGTGTRIGGTCAGGTTTGATAGTGTTIGART -5
plicates the theoretical analysis of the PRH. Similarly, one

should expect that phenomena such as bleaching, blinking, an op strand is labeled at position 5 (from theehd) with Cy3B (donor).

multl_plt_a molecule bursts and other effects will affect the Five different bottom strands with complementary sequence are labeled

prediction of eq 17. with ATTO-647N (acceptor) at position 13, 18, 23, 28, and 35,
Although the case of background counts can easily be handledrespectively, from the’®nd. B. DNA hairpin used in this work (Figure

analytically using some simple approximations (as will be shown 12). The 35 bp dsDNA stem is followed on the top straydabb bp

later), most other effects are strongly system- and setup- SSDNA stem, a 21 bp poly-T loop, and a complementary sequence to
dependent and therefore best studied using numerical simula-1€ Prévious 5 bp. The acceptor dye is attached to e of the top

. - . .~ strand, while the donor dye is attached on the bottom strand at a 10 bp
tions. We therefore postpone their discussion to a later section. gisiance from the acceptor dye in the closed conformation.

57 -TAAATCTAAAGTAACATAAGGTAACATAACGGTAAGTCCA-3
37 -ATTTAGATTTCATTGTATTCCATTGTATTGCCATTCAGGT-5"

23 b 5/ -TAAATCTAAAGTAACATAAGGTAACATAACGGTAAGTCCA-3 "
P 3r —ATTTAGATTTCATTGTATTCCJ\HGT*GCCATTCAGGT— 5

5" -TAAATCTAAAGTAACATAAGGTAACATAACGGTAAGTCCA-3
3’ -ATTTAGATTTCATTGTATTCCATTGTATTGCCATTCAGGT-5"

igure 3. A. 40 base pair dsDNA molecules used in this work. The

4. Materials and Methods (from the B end). Hybridization and experiments were per-

DNA Sample Preparation. Single-stranded DNA (ssDNA) ~ formed in 10 mM Tris-Base pH 8, 500 mM NaCl.
molecules were purchased (IDT Inc., Coralville, LA) or Single-Molecule FRET MeasurementssmFRETus-ALEX
synthesized with automatic solid-phase synthesis following experiments were carried out as previously desctb€dising
published protocol4? The common “top” strand sequence was a custom-made single-molecule fluorescence microscope based
5-TAAATCTAAAGTAACATAAGGTAACATAACGTAA- on a commercial inverted microscope (IX71, Olympus America,
GTCCA-3. It was labeled with a donor molecule (Cy3B, Melville, NY). Briefly, two CW laser lines (532 nm, GCL-100-
Amersham Biosciences, Piscataway, NJ) at position 5 (from the L, CrystalLaser, Reno, NV, and 635 nm, MVP, Coherent, Santa
5 end) by introducing a C6 dT amino modifier. Five different Clara, CA) were alternated using an acousto-optic modulator
samples of the complementary “bottom” strand were labeled (N48058-XX-.55, Neos Technologies, Melbourne, FL) with a
with an acceptor molecule (ATTO 647-N, ATTO-TECH GmbH, 25us period per laser line and coupled into a single-mode fiber.
Siegen, Germany) at positions 13, 18, 23, 28, and 35 (from the After expansion and collimation, the green and red beams were
3 end) by introducing a C6 dT amino modifier (see Figure 3). focused 3Qum inside the sample solution (50 pM) using a water
ssDNA molecules were purified on reverse-phase C18 HPLC immersion objective (NA 1.2, 60, Olympus America, Melville,
column (Amersham Bioscience, Piscataway, NJ). dsDNA NY). The emitted fluorescence was separated from the excitation
molecules were formed by hybridization of each of the five light by a dichroic mirror (535635 TBDR, Omega Optical,
bottom strands separately with the top strand in 40 mM Tris- Brattleboro, VT) and further split by a second dichroic mirror
HCL pH 8, 500 mM NacCl. The top and bottom samples were (DRLP 630, Omega Optical). Donor emission was directed to
heated to 90C and then cooled slowly to achieve maximum a single-photon avalanche photodiode (SPAD) (SPCM-AQR-
hybridization. The top- and bottom-strand concentrations were 14, Perkin-Elmer Optoelectronics, Fremont, CA) after filtering
adjusted to ensure a minimum of nonhybridized top or bottom by a band-pass filter (580AF60, Omega Optical), while acceptor
ssDNA molecules. emission was directed to another SPAD after filtering by a long-

The DNA hairpin bottom strand sequence wasAB- pass filter (660 ALP, Omega Optical). The two SPAD signals
GAAGTGTTTGGTCAGGTTTGATAGTGTTTGAAT-5 and (photon arrival times) were recorded as a function of time using
was labeled with a donor (Cy3B, Amersham) at position 10 @ 12.5 ns resolution counting board (PCI-6602, National
(from the 3 end) by introducing an amino modifier C6 dT. The Instruments, Austin, TX).
top strand 5STGGTT-(T)-AACCATTCTTCACAAACCAGTC- Single-laser excitation smFRET experiments were performed
CAAACTATCACAAACTTA-3' was labeled with Alexa Fluor  using the same setup and the single CW 532 nm laser without
647 (Molecular Probes-Invitrogen, Carlabad, CA) at position 1 alternation. The emitted light was filtered with either the green
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filter or the red filter, as mentioned above, and then split by a different dimensions to simulate chromatic aberration or align-
nonpolarized beam splitter into two detection channels (SPAD’s). ment issues. The detection PSF's (probability of detecting
One of the channels was treated as a dummy “donor” channel,emitted donor and acceptor photons) are modeled by similar
and the other channel was treated as a dummy “acceptor”’3D Gaussians.
channel. (iv) RecordingPhotons emitted during a transition of either
PSF MeasurementsTo estimate the offset between donor the donor or acceptor molecules from their excited to ground
and acceptor channel detection volumes, we acquired verticalstate are detected with a probability proportional to the value
and horizontal confocal images scan of TetraSpeck beadsof the detection PSF at the location of the molecule. If detected,
(diameter 100 nm, Molecular Probes) embedded in a 3% low their time stamp and detection channel (donor or acceptor) are
melting point agarose gel using a custom-made microscope andstored.
software?! The fluorescence of these beads was excited using (v) Background.A stochastic, constant rate background
the 488 nm line of an argon ion laser, and scans were performedphoton flux can be added to each previous photon list to mimic
perpendicularly to the optical axiX¥ scans) as well as parallel  the experimentally detected background. To simulate the pres-
to it (XZ or YZ scans). Signals from the donor and acceptor ence of donor-only or acceptor-only molecules, or of fluorescent
channels were simultaneously recorded in the condition of or scattering impurities, single-dye photophysics (four-state
alignment similar to those used in the SmFRET experiments. system) was used as described in-(i)i).
Profiles of fluorescence intensity along a line passing through  Data files generated by the simulations were analyzed using
the image maximum (center of the convolved excitation/ the same tools used during actual experiments (burst search and
emission point-spread function) were then extracted for each PRH analysis as described in the text).
detector image.

SmFRET Experiment Simulations. SmFRET experiments 5. Test of the PRH Fit on Simulated Data
are complex to analyze due to the many different experimental
parameters involvéd and the nontrivial nature of both the
molecule trajectories (and therefore burst intensitfeS)and
any burst search algorithfd. This renders it impossible to
develop a complete analytical description of the experiments
justifying the use of numerical simulations to study the effect

of each parameters on the PRH. The main characteristics of,cterized by different FRET efficiencies (gray box histograms).
our simulations are the following: Superimposed on the same graphs (black curves) and almost
(i) PhotophysicsDonor and acceptor molecules are treated indistinguishable from them we represented the best-fit shot-
as two four-state systems, including a ground state, an excitednoise limited PRH’s (eq 17). In all cases, the fitted parameter
state, a triplet state, and a dark (bleached) state. Figure S2 (which in this ideal case is identical to the FRET efficiency
(Supporting Information) depicts the corresponding Jablonski E) equals the value put in the simulation.
diagrams and transition rates used in the simulations. The The excellent agreement between predicted and experimental
excitation rateke (transition between the ground state and the pRrH s preserved for all values of the FRET efficieic{Figure
excited state) is a function of the absorption cross section (or gao—C) and burst size range (Figure 4D,E). In particular, the
extinction coefficient) and the laser intensity at the molecule’s yjigening of the PRH for experimental conditions that result in
three-dimensional (3D) position (see below). Energy transfer smal| burst sizes (Figure 4D) compared to experiments resulting
occurs only when the donor is in the excited state and the jn small as well as very large burst sizes (Figure 4E) is
acceptor is in its ground state. In most cases, the energy transfegyantitatively accounted for by this calculation.
rate was kept constant, but complex energy landscapes can easily \ye next separately studied other potential contributors to the
be modeled by time-varying energy transfer rates. Actual pry width that were not taken into account in the derivation
transitions occur stochastically during the simulation according of eq 17: background counts in both channels, dye photophysics
to their respective rates. No polarization and therefore rotational (bleaching, blinking), coincident detection of several molecules,
diffusion effects were considered in these simulations. and a possible mismatch between the donor and acceptor
(ii) Diffusion. Typically, N =10 molecules (doneracceptor detection volumes.
pairs) undergo a Brownian diffusion in a periodic boundary  Effect of Background. There are at least two ways to analyze
condition 3D box using fixed time steps. The size of the box the effect of background on the previous results of section 3.
and/or the number of molecules is adjusted to the desired The first consists of adopting a mathematical formalism similar
concentration (typically 50 pM). The diffusion constant used to that used by Antonik et al. in ref 32. We present such an
in the simulation isD = 5 x 10~7 cn? s™*. The common time  approach in Appendix D, which results in a slightly more
step used for diffusion, photophysics, and, when applicable, complex expression than eq 17 (eq 36), and which is best
dynamics is adjusted as a function of the molecule position in evaluated using the simulation approach presented above for
the excitation volume, varying from 100 ns at the center to 10 the evaluation of eq 17. The second way of dealing with
us at the periphery of the box. This strategy considerably speedspackground consists of studying numerically its effect on the
up the computation, while having no effect on the realism of shape of the PRH. Figure 5A shows the effect on simulated
the simulation, as checked. data of a rather high level of background (6 kHz) in the donor
(iif) Excitation and Detection VolumesThe excitation channel on the PRH. Using eq 17, which assumes that there is
intensity distribution or point spread function (PSF) is modeled no background, a best-fit PRH can be obtained, which satis-
with a 3D Gaussian centered in the middle of the diffusion box factorily matches the experimental PRH. Of course, the extracted
and with typicalXY dimensionoxy = 0.3 um andZ dimension e value is distinct from the FRET value used for the simulations.
(optical axis)oz = 1.5um. For alternating laser excitation, the If we now use eq 36 with our knowledge of the donor channel
two excitation PSF'’s are periodically reset to zero (every 25 background level to fit the PRH, a best-fit value<a$ obtained,
us) and can also be spatially offset from one another and set towhich is indistinguishable from the input FRET efficiency and

Simple smFRET Simulation. To check the validity of eq
17 for the PRH shape, we first analyzed simulated data, as a
comparison with experimental data (presented later) requires
the knowledge of several parameters that are difficult to
* measure. Figure 4 shows PRH'’s of simulated background-free
photon streams corresponding to donacceptor pairs char-
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Figure 4. Simulated PRH (gray box histogram) and best-fit shot-noise limited theoretical PRH (black curve) for difeadoes.E is the FRET
efficiency used in the simulation, ards the best-fit parameter.-AC. PRH comparison foE = ¢ = 0.2, 0.5, and 0.8. Bursts were defined using

an “all-photon” burst search algorithm with parameters: 50, M = 30, andT = 500us. D,E. PRH for the same data as B, but using different
burst size § subpopulations (D, 56 S < 100; E, 300< S < 4000), illustrating the perfect agreement between experimental and theoretical PRH.

Histogram bin size: 0.01. Parameters of the simulatikyn= kisc = 0; k> = 6 x 1P s} kP = 10° s7%;

na = 1 at the center of the confocal spot.

a fitted PRH which now perfectly matches the simulated one,
as illustrated in Figure 5B.
Effect of Bleaching.Bleaching of a dye (donor or acceptor)

A=6x 1Ps L kA=10°0sLypp =

taking the new shifted value. More generally, three different
limit cases can be envisioned:
(i) Blinking occurs on a time scale comparable to or larger

during the transit time results in bursts with characteristics that than the burst duration.
can easily be detected by the DCBS algorithm presented above. (ii) Blinking occurs on a time scale much shorter than the

Figure 6A1 shows the 2D-ALEX histogram corresponding to

bursts obtained with simulated data including acceptor bleaching

(kor = keP/300), detected using the simpler APBS method. A
significant donor-only peak (PR 0, S= 1) is apparent, as

burst duration.

(iii) Blinking occurs at an intermediate time scale.

In the first case, either the donor or the acceptor will be off
during the whole duration of the molecule transit through the

well as a trail of bursts connecting this peak and the peak of excitation spot, therefore resulting in a donor-only or acceptor-

interest (PR=0.5,S= 0.5). The PRH resulting from this burst

only burst. In the second case, the effect of blinking will be

search method, shown on top of the 2D histogram, exhibits a averaged over the burst duration, and the situation described

correspondingly long tail toward low PR values, which cannot
be accounted for by shot-noise only. By using the DCBS
algorithm, however, most of these irrelevant bursts are elimi-
nated or relocated in the 2D-ALEX histogram, as illustrated in
Figure 6A2. The remaining bursts resultin a PRH (Figure 6A3)
that is perfectly fitted by eq 17.

Effect of Blinking. In real experiments, intersystem crossing
(ISC) of one or both dyes to their triplet state cannot be
excluded. The effect of ISC is to put the affected dye in a
nonemitting state for a finite period of time, typically micro-
seconds to milliseconds, resulting in a characteristic blinking
behavior. If the donor is affected, no signal will be measured,

before (shifted PR value) applies. The last case will result in
less obvious effects. Figure 6BB shows the result of a
simulation in which acceptor molecules transit to their triplet
state every 300 excitation&{c = k.°/300) and stay there on
average 30@s. When using the APBS algorithm, a tail of bursts
connecting the population of interest to the donor-only location
appears in the ALEX histogram (Figure 6B1). The DCBS
algorithm, on the other hand, successfully identifies the bursts
exhibiting blinking and only leaves the relevant bursts in the
final ALEX histogram (Figure 6B2). The remaining bursts result
in a PRH (Figure 6B3) that is perfectly fitted by eq 17.

Effect of Coincident Detection of Multiple Molecules.

and the sole effect will be to reduce the burst size and thereforeMultiple molecule bursts are bursts corresponding to two or
increase the PRH width in a predictable manner. However, if more molecules present at the same time in the excitation
the acceptor is affected, no FRET will take place, but the donor volume. They can have different effects on the “ideal” PRH,

will still emit fluorescence, thus shifting the apparent FRET supposed to report only on single-molecule bursts (Figure 6C1):
efficiency (and hence PR) toward smaller values. If this shift (i) Bursts consisting of two or more doubly labeled molecules
in value is similar for all bursts, our analysis will be able to characterized by the same PR will be larger, thus resulting in a
account for the shape of the PRH, with the parame&mply reduced influence of the shot noise.
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A 042 e . sponding to relevant molecules. The DCBS method almost
[ _Eif‘a T entirely takes care of these cases, as illustrated in Figure 6C2,3.
o I ) In conclusion to this study of the effect of coincident events
0.08 il on the PRH, we shall reiterate an obvious way to minimize it.

Since bursts corresponding to multiple molecules excited
simultaneously occur with a probability which is proportional
to the concentration, their effect can be minimized by using
smaller concentrations.

Probability
=
o
(=]
T
1

0.02f . In summary, bleaching, blinking due to ISC or other
000* 1 mechanisms, or multiple molecular purst§ do not significantly
o0 01 02 o 03 0.4 0.5 affect the PRH when a DCBS algorithm is used to search for
0.01 AR et At A A bursts in the photon streams.
1 Residual | | Detection Volume Mismatch. The final effect we will

i L‘-'Ll o I consider in this work is that of a possible mismatch between
0.01 . . . . detection volumes. The detection volume for a given channel
is centered on a point of maximum detection efficiency and
B 012 can be defined as the domain within which the probability of
' ' i i detection is larger than some arbitrary vatue 0. The existence
010 ;l - of a mismatch between donor and acceptor detection volume
A simply means that the ratio between the probability of detecting

a donor photon and the probability of detecting an acceptor
photon depends on the location of the emission. This can be
due to chromatic aberrations of the optics or misalignment of
the detectors or pinhole, for instance. The net result of such a
situation is that the ratio of donor to acceptor photons (and hence

Probability
(=]
]
T
L

2

Qo2 ] the PR) will depend on where the molecule is located in the

0.00 , , ' I focal region of the objective lens, leading to an additional spread
0.0 0.1 02 pp 03 0.4 0.5 of the measured PR values.

0.01 e e i Figure 7 illustrates the effect of a relative offset of the donor

0.00 o s P S [——Redidual] and acceptor detection volumes along the optical axis. For an
] ] offset amounting to 10% (50 nm) of the point-spread-function

-0.01 . . . 0 width, a modest widening of the PRH can be observed in addi-

Figure 5. Influence of background counts on the PRH. Simulated tion to the effect of shot noise (Figure 7A,B). For a 20% offset
bursts corresponding to molecules with a FRET efficiency of 0.2 were (100 nm), the simulated effect is much more severe (Figure
contaminated with 6 kHz of background. A. Using eq 17, a reasonably 7C,D). To have an idea of the severity of detection volume mis-

good fit is obtained for a PR value= 0.16. The residual curve shows . . . .
a slight discrepancy. B. Using the known background level in the donor match in actual experiments, we imaged the product of the exci

channel and eq 36, a better fit is obtained, with a PR valee0.195, tation and emission point-spread functions (PSF) of a single-mole-

almost indistinguishable from the exact FRET efficiency. The residual Ccule confocal microscope as described in Material and Methods.

curve shows a much better agreement than in the previous case.  Figure 7E shows the intensity map generated by a 100 nm
diameter fluorescent bead along Yi&plane of the microscope.

(i) Bursts consisting of doubly labeled (BA) molecules with The cross sections of this PSF in both donor and acceptor
different PR values will result in intermediate PR measurements, channels are displayed on the right of Figure 7E. The maximum
thus deforming the PRH. observed offset is smaller than 3% in all directions, suggesting

(iii) D —A bursts contaminated by donor-only molecules will that the detection volume offset has a negligible effect on the
result in lower PR values than expected and, in the case of PRH.

ALEX measurement, in larger stoichiometry ratio S. ) .

(iv) D—A bursts contaminated by acceptor-only molecules 6- Test of the PRH Fit on Experimental Data
will result in slightly larger PR values (due to direct excitation  Having studied the theoretical influence of several effects on
of the acceptor) and, in the case of ALEX measurement, in the PRH shape, we have concluded that, in commonly encoun-

smaller S. tered experimental conditions, the PRH shape of a singlé& D
(v) Burst containing only donor-only and acceptor-only distance (single FRET efficiency) sample should be close to
molecules will result in random PR values. shot-noise limited and obtained by either eq 36 or eq 17 if

The last effect cannot be corrected for and, similarly to the background is negligible.
second one, will inevitably result in a departure of the PRH  We now present simple experimental data as a first step to
from its ideal shape (obtained if only doubly labeled molecules validating the applicability of these calculations.
were detected). The other effects can be partially taken care of Artificial PR Data. A simple way to generate experimental
by the ALEX approach, which provides additional information data similar to those expected from a FRET sample consists of
for each burst, the stoichiometry ra{eq 8). As discussed in  observing a single dye sample with two identical detection arms
refs 14 and 18, the stoichiometry ratitakes values close to  differentiated only by their detection efficiencies. The advantage
1 for donor-only bursts and values close to 0 for acceptor-only of this approach is that the ratio of the “donor” and “acceptor”
bursts, while doubly labeled molecules exhibit values close channel signals will be constant and equal to the detection
to 0.5 (the exact value depending on several experimental efficiency ratio and not affected by any photophysics or
parameters). When using a two-dimensional representation (PRdynamics of the molecule. Therefore, the only phenomena that
S for each burst, it is straightforward to isolate bursts corre- can occur are those that have been studied in the previous
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Figure 6. Effects of bleaching, blinking, and coincident detection on the PRH. Two different burst search algorithms were used to analyze simulated
data: the all-photon-burst-search (APBS) algorithm (left column) and the dual-channel-burst-search (DCBS) algorithm (middle and right columns)
A. in the case of bleaching, the APBS algorithm (A1) reveals a trail of bursts connecting a donor-only populatienO(PR= 1) and the
population of interest (PR= S= 0.5). The DCBS algorithm (A2) eliminates those bursts, resulting in a good fit of the remaining PRH (A3). B.

In the case of blinking, the APBS algorithm (B1) reveals a trail of bursts directed toward the location of donor-only bursts and the population of
interest. As in A, the DCBS algorithm (B2) eliminates those bursts, resulting in a good fit of the remaining PRH (B3). C. In the case of coincident
detection, the APBS algorithm (C1) reveals a trail of bursts directed toward the location of donor-only bursts or the location of acceptorsonly burst
(S=0) and the population of interest. Again, the DCBS algorithm (C2) eliminates most of these bursts, resulting in a relatively good fit of the
remaining PRH (C3), although an obvious discrepancy exists (the actual PRH is wider than the fitted shot-noise limited PRH).

section, and a perfect agreement between the observed PRHirtificial FRET efficiency), as expected. Note that, in addition
and the shot-noise limited one is expected. to proving the validity of our approach, this result also confirms
Figure 8 shows the results obtained with a 50 pM sample of the assumptions on which it is based. In particular, it shows
dsDNA labeled with a single Cy3B dye molecule. The emitted that the whole excitation (laser, EOM, optics) and acquisition
fluorescence is split equally between two equivalent detectors chain (optics, filters, pinhole, detector, readout electronics) does
using a nonpolarizing beam splitter cube, and the detection not introduce any bias.
efficiency ratio between the two detection channels is adjusted dsDNA Data. Double-strand DNA is expected to be quite
using neutral density filters. The PRH’s are perfectly fitted by rigid when the length of the molecule is smaller than its
the shot-noise limited PRH for all detection efficiency ratio (or persistence length~150 bp in standard buffer solution).
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Figure 7. Effect of detection volume mismatch on the PRH. A,B. In the presence of a simulated 10% offset of the acceptor (Gaussian) detection
volume with respect to the donor (Gaussian) detection volume, the PRH (B) resulting from the APBS algorithm (A) is reasonably well fitted by a
shot-noise limited PRH, although the measured PRH is clearly wider than the fitted one. C,D. For a 20% offset, the PRH (D) resulting from the
APBS algorithm (C) is not well fitted by a shot-noise limited PRH. E. In actual experiments, the measured offset of the donor and acceptor
detection volume is smaller than 3%, as shown byXifeand YZ cross sections. The size of each pixel is 33.33 nm and the size of the scan is 5
umon 7um.

dsDNA has therefore been used as a benchmark of smFRETnoise limited PRH’s are shown in Figure 16 (left and center
measurementd>193545tggether with rigid polyproline pep-  columns). It is apparent in this latter figure that, except for the
tides3346Here, we used a 39 bp dsDNA labeled with Cy3B at sample with the smallest expected FRET efficiency (Figure
a fixed position (position 5 from the ®nd) on one strand and  10E), the shot-noise limited fit does not succeed in matching
at variable positions on the other strand with ATTO-647N the experimental PRH width, being systematically narrower than
(samples +5: positions 13, 18, 23, 28, and 35 from the 3 the observed histograms. As we have extensively discussed
end) resulting in different distances between the dyes (8, 13, before, this discrepancy between the theory and the experiment
18, 23, and 30 bp, respectively, or 2.7, 4.4, 6.1, 7.8, and 10.2 cannot be attributed to photophysical effects such as bleaching
nm using a bp separation of 0.34 nm). or blinking or to experimental artifacts such as multiple
To eliminate contamination from unlabeled or ssDNA coincident detection or detection volume mismatch of the
molecules, which are usually present in non-ALEX measure- magnitude typically present in experiments.
ments, we used a DCBS algorithm preferentially to an APBS  Many possible phenomena that we have not discussed
(Figure 9). The resulting PRH’s and the associated best-fit shot- previously could potentially play a role in this difference, which
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Figure 8. Artificial FRET data. Singly labeled DNA molecules were detected using a standard SMS confocal microscope in which the emitted
signal was split equally by a nonpolarizing beam-splitter cube and sent to two SPAD’s. Different neutral density filters were used in front of the
detectors to modulate their detected signal ratio. A. Experimental PRH (gray box histogram) and the shot-noise limited fit (black curve) for 40%
attenuation in front of the acceptor SPAD. B. Same for no attenuation. C. Same with 40% attenuation in front of the donor SPAD. D. Same with

15% attenuation in front of the donor SPAD.

can all be grouped under the same general denomination ofGaussian distribution of distances with an average standard
FRET heterogeneity. Up to now, we have assumed that eachdeviation of 1.6+ 0.1 A.
sample was characterized by a fixed FRET efficiency between Distribution of Photophysical Properties. The FRET ef-
the donor and acceptor molecules. Obviously, if this hypothesis ficiency not only depends on the distance between the two dyes,
does not hold, but we are in the presence of the samplebut also, via the Fster radius, on the donor quantum vyield,
characterized by a distribution of FRET efficiency values, the the orientation factor, as well as the spectral characteristics of
resulting broadened PRH will be the weighted sum of the PRH’s the dyes'8 ATTO-647N is, for example, provided as a mixture
of each respective population of molecules and therefore wider of two diasteroisomers, but with identical fluorescent properties,
than the PRH of a single-FRET efficiency value sample. Two according to its manufacturer. Any modification of one or
types of possible experimental sources of FRET efficiency another of these characteristics occurring on a time scale
variations can be envisioned: (i) distance distribution and (ii) comparable to or longer than the diffusion time could result in
distribution of photophysical properties. a widening of the PRH compared to the shot-noise limited PRH
Distance Distribution. Although dsDNA is fairly rigid, it is calculated assuming a single distance and a single set of
still a semiflexible polymer, and some fluctuations of its shape photophysical properties. Unfortunately, it is difficult to check
cannot be exclude®.Likewise, with the dye molecules being for any fluctuations on these time scales. Single-molecule
attached to the DNA molecule via 6-carbon linkers, a distribu- anisotropy measuremeritsywhich could possibly reveal some
tion of center-to-center distance between dyes may not bediscrepancy with the complete isotropic averaging of the
excluded, due for instance to one of the dyes sticking to DNA orientation factok? assumed up to now in this work, only give
backbone, as has been demonstrated for some*d@yeronik access to time scales shorter than the dsDNA rotational diffusion
et al. have investigated the amount of distance fluctuation neededime scale, which is on the order of 280 ns. On this time
to explain the discrepancy between their smFRET measurementscale, indices of DNA distance fluctuations have recently been
and the shot-noise-only theoretical predicti8Mote that this reported?® but as we just argued, are irrelevant for the present
will affect the measured FRET efficiencies (and thus the PRH) study. The fluorescence correlation spectroscopy type of
only if these different configurations have lifetimes comparable measurements, which would allow access to the diffusion time
to or longer than the diffusion time (quasi-static distribution of scale of interest, are far from adapted to differentiate between
distances). Fluctuations on significantly shorter time scat&g)( diffusion and dynamics occurring on the same time scale (an
us) would indeed result in complete averaging of the measuredorder of magnitude between time scales is usually needed to
FRET efficiency within the diffusion time. Assuming such a differentiate between processés).
(Gaussian) quasi-static distribution of distances (without any In summary, to our knowledge, there is no simple way to
claim to its possible physical origin), Figure 164& (right prove or disprove the existence of dye photophysical properties
column) shows that a perfect match between the experimentalwhich would be quasi-static on the diffusion time scale relevant
result and the shot-noise limited one can be obtained with ato these experiments. As we have done in the previous section



22116 J. Phys. Chem. B, Vol. 110, No. 44, 2006 Nir et al.

0 0.5 1 (i) We extend the analysis of the background influence to

200l ' ' ) ' R bursts of arbitrary durations.
A [ ] (iif) We show that, by using an alternating laser excitation
100 | ] (ALEX) scheme, several sources of contamination of the PRH

] can be easily eliminated.

(iv) We perform extensive simulations to verify the validity
of this approach.

(v) In particular, we study the effect of detection volume
mismatch on the PRH.

(vi) We present a practical and rapid algorithm to compute
] the shot-noise limited histogram.

0.5 (vii) This algorithm has the advantage of being easily

i extendable to more complex situations, such as nontrivial energy
landscapes.

. (viii) In addition, we provide a sound basis for the choice of
s e PRH bin size, which eliminates the spikes and voids observed
ot e el in most PRH’s.

(ix) Finally, we present experimental data on several systems
(singly labeled dsDNA’s and DNA hairpin, presented and
discussed later in this section).

100 , — . As we briefly mentioned in the Introduction, other treatments
B of shot-noise effects on FRET histograms have been presented
before.
Dahan et al. proposed an upper bound on the PRH broadening
by shot noise using a simple argument that we will now
) discusg®27 This upper bound on the PRH standard deviation
is obtained by considering the bursts containing the smallest
j number of photons, since shot-noise effects are expected to be
most dramatic for the smallest counts, even when a ratiometric
measurement is considered (eq 7). For this burstSiagual,
for instance, to the threshofhin), and assuming that the signal
0.5 is due to molecules characterized by a fixed FRET efficiency
. 1 E (or to keep in line with the previous discussion, a fixed
. ’ proximity ratio ¢, all corrections being equal to zero apd=
. 1), the following relations will hold:

50

[A= €S

T
PR 0 50 100 MO=(1-€)S (19)
Figure 9. Comparison of APBS and DCBS algorithms for dsDNA
data. A 50 pM dsDNA composed of Cy3B-labeled ssDNA molecules where [AJand DO are the average expected signals in the
hybridized to complementary ATTO-647N-labeled ssDNA molecules acceptor and donor channels, respectively. The next step consists
was observed usingus-ALEX setup. A. Photon stream analyzed with  of assuming that the corresponding acceptor and donor channel
3” APBS algorithml( =50, M = 30, T = 500us), exhibiting a small - ;5715 can be considered as Poisson distributed, with averages
onor-only (PR 0, S~ 1) and acceptor-onlyS~ 0) contamination. . . S

The corresponding PRH (upper graph) exhibits a small peak foxPR g!ven by eq 19. As we have seen, this assu'mp.tlon 1S Incorrept,
0 and small tails in both directions. B. The analysis using a DCBS Since the acceptor and donor counts are distributed according
algorithm ( = 25,M = 15, T = 500us) suppresses this contamination ~ to the binomial law (eq 10). In some cases 1), a binomial
and the corresponding artifacts on the PRH. law of parameterse( N) is well-approximated by a Poisson law

of identical mearkN, but in general, this is not the case, as can
for a distance distribution, it would be possible to assume some be seen from the different variances of the two distributions
distribution, say, of? values and adjust its parameters to obtain

a perfect fit to the experimentally observed PRH, but the var(P.(n|N)) = Ne(1 — €)

interpretation of these parameters would remain open to

legitimate criticism. var([I(n|eN)) = Ne (20)
7. Discussion whereIl(n|u«) is the Poisson distribution of mean

Comparison with Previous Approaches.As mentioned . no—u
before, our approach is similar to that recently published by II(nl) = s €
Antonik et al.3? since both use the experimental BSD, the
assumption that donor and acceptor counts are distributedIf one ignores this limitation, it is possible to proceed formally
binomially and background counts are approximately Poisson- and note that, for large enough mean values, a Poisson
distributed. However, this work brings several new elements: distribution is well-approximated by @ distribution y(v, 1),

(i) We present an analysis of the proximity ratio histogram Wwhich is in a sense its extension to noninteger values

(PRH), which is more widely used than the ratio studied in ref
32. II(nju) ~ ¥,41.4(N) (22)

(21)
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A

Figure 10. Experimental PRH of doubly labeled dsDNA samples. Five different samples containing the same C
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a complementary ssDNA bottom strand labeled with ATTO-647N at different distance from the top strand label (measured in base pairs) were
used. A-E. (left and center column) 8, 13, 18, 23, and 30 bp, respectively. Experimental PRH (gray bar histogram) obtained with a DCBS algorithm
(L =25,M = 15, T = 500 us) were fitted with eq 17 (black curve). Histograms were binned with either a fixed number dbind 00 (left

column) or the optimal number of bins (center columns) calculated as described in AppendbEB(right column) Comparison of the experimental

PRH and the shot-noise limited prediction in the presence of a Gaussian distribution of distance of. Witttd values are = 1.5, 1.7, 1.8, 1.6,

and 1.5 A, respectively.
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AL to exploit in experiments where the BSD may depart from this
Voa(X) = W ideal situation and strongly depend on the burst search algorithm
parameters.
Using a known property of independentdistributionsA and Finally, a recent work by Watkins et al. presented interesting
D of meansa andd, the random variable = A/A + D can be experimental (as well as theoretical) sSmFRET results on
shown to be well-approximated by/adistribution immobilized polyt-proline molecules taking advantage of the
simplification resulting from single average bin content dis-
ra_l(l _ r)d—l cussed previously. In this case, the shape of the PRH can be

Badr) = calculated as the convolution of the shot-noise effect (resulting
in a Gaussian PRH of known standard deviation) to the
1q d underlying source of broadening, such as a distance distribution,
B(a, d) = /; u(1—u)"du (23) as we have done at the end of section 6. Their analysis concluded
that individual polyt-prolines are absolutely rigid molecules
Usinga = eSandd = (1 — ¢€)S and the properties of for a number of prolines varying from 8 to 24, although different

distributions, we obtain that the random variableas a mean molecules exhibit different average distances. This result

B(a, d)

and standard deviation approximately equal to therefore seems to indicate that previous SmFRET experiments
on diffusing polyt-proline presented by Schuler et @which
W= e had shown variable amounts of PRH broadening depending on
the number of proline residues, should be explainable by a
e(l—e¢) mixture of shot-noise broadening and distance distribution within
9=A"5¥1 (24) each population. In this diffusing geometry, the PRH consists

indeed of a mixture of molecules that could be characterized

This latter value is the estimate of the upper bound to the PRH Py different static donor to acceptor distance values.

width proposed by Dahan et al. (eq 15 of ref 26, corrected as  Extension to More Complex SystemsThe work of Watkins

eq 4 in ref 27). Although we have seen that the premises of et al. on polyt-prolines33 that of Antonik et al3? as well as
this derivation are incorrect, it turns out that the final result (eq our analysis of the dsDNA data of Figure 10, show that shot
24) is correct, due to the following property of binomial noise is oftentimes the dominating component of the single-
distributions: ifA andD are two binomial random variables of molecule PRH width and shape. The underlying best-fit distance

parameterse( S and (1— ¢, S, respectively, the ratio= A/A distributions can bé functions®3 or narrow peaks (Figure 10),
+ D is also ap distributed random variable with parameters but could very possibly turn out to be wider in other experi-
(eq 23)a = eSandb = (1 — €)S respectively. mental cases. Equipped with the tools presented in this work,

The next step toward a better understanding of the contribu- researchers should now be able to make the two analytical steps
tion of shot noise to the PRH was made by Gopich and Szabo,evoked in the Introduction and extract meaningful information
who first presented a complete analysis of the theoretical shapeon distance distributions and energy landscapes.

of the PRH using a fixed time bin approach and simple models A note of caution is warranted, however: in the polproline

of excitation profiles?® In particular, they obtained theoretical  study of Watkins et af2 each immobilized molecule exhibited
expressions for the standard deviation of the PRH in diverse a single distance, but different molecules exhibited different
cases (including two-state model molecules). Using this theo- distances. Despite the carefulness of the authors, it is possible
retical value and that of the mean PR, they deduce the beStthat the molecules were S|mp|y stuck on the surface or
Gaussian ang functions fit to the PRH, a result best applicable interacting with it and therefore artificially frozen in a static
to time-trace data for which the notion of an average burst size configuration. In this respect, a re-analysis (using the approach
(number of photons per bin) is meaningful. Extending this result presented here) of the results of Schuler eféhbtained in

to diffusing molecules resulted in a theoretical formula that could diffusion geometry, would be illuminating. If poly-proline
only be calculated numerically and might therefore not be molecules are indeed frozen in a rigid conformation for periods
applicable to experimental situations, in which the burst size of time longer than the diffusion time, the data analysis in terms
distribution depends as much from the burst search algorithm of a static distribution of distances convolved with the shot-
parameters than from the experimental settings. The two resultsnoise effect should recover the distribution of distances reported
of this analysis that can be easily compared to this work, are jn ref 33. On the other hand, if the molecules fluctuate rapidly
an upper bound for the standard deviation of the PRH (identical (compared to the diffusion time) between different conforma-
to the result of Dahan et al., eq 24) and an asymptotic standardtions, a similar distribution would be expected, thus requiring
deviation of the PRH assuming that bursts have a constantadditional dynamic information, for instance, using fluorescence
duration larger than the diffusion timgir and contain a single  correlation methods. An interesting problem would occur in the
molecule intermediate case, where the dynamic of the conformal fluctua-

» tions occurs on a time scale comparable to the diffusion time.

o 1(ﬁordif)j In certain conditions, the approach presented here can account
g— el —¢) Z . (25) for this type of situation and, in addition to extracting distance
=0 4+ N1 + Rgrg) ™ distributions, also allows extracting kinetics parameters of the

system, as will be discussed in detail in a future publication.

whereng is the average global count rate averaged over the As an example of these capabilities, we will now briefly
excitation spot antlr is the bin content threshold. These results discuss the case of a simple two-state system, a DNA hairpin.
were extended to the case of a two-state molecule. Although As illustrated in Figure 11, different kinetic regimes can be
these results provided important insights into the relative observed in hairpins, depending on the energy barriers separating
importance of shot noise, dye photophysics, and molecule the two configurations, open and closed. As we have seen before
dynamics in the case of a two-state molecule, they are difficult (Figure 10), for a rigid dsDNA molecule, the unique energy



Shot-Noise Limited PRH J. Phys. Chem. B, Vol. 110, No. 44, 20082119

Example Molecule Energy Landscape Proximity Ratio Histogram

B u
C Fast

300us

300us /-\ i i i I il

Intermediate

D 200045 D i . .

2000us I ————

Figure 11. Relation between energy landscape and PRH in a simple two-state system. Left: System studied, with characteristic time scales of
opening and closing. Center: Schematic energy landscape; simulated shot-noise limited PRH. A. For a rigid dsDNA molecule, the unique energy
minimum results in a distribution of distances, which, after convolution with the shot noise effect, yields a single-peak PRH. B. For hairpins
characterized with opening and closing time scales much longer than the typical diffusiomtinmas), each molecule is virtually frozen in one

of the two energy minima characteristic of the system. After convolution with the shot noise effect, the PRH exhibits two separate peaks. C. For
hairpins with a low energy barrier between the two minima, rapid transitions between the two states are expected, and each molecule samples the
two typical conformations several times during each burst, resulting in a broad peak located between the expected position of each characteristics
conformation. D. For intermediate time constants comparable with the characteristic diffusion time of the molecule, the two separate peak location
are still visible, but one also expects that intermediate values will be observed. A combined analysis of the influence of shot noise and of a simple
two-state kinetic scheme on the PRH allows extraction of the kinetic parameters of the system.

minimum results in a distribution of distances, which after : Datal S N~ 8
convolution with the shot noise effect will yield a single-peak [— Fit OEFW

PRH (Figure 11A). For hairpins characterized with opening and

closing time scales much longer than the typical diffusion time 0.02 -
(~1 ms), each molecule is virtually frozen in one of the two
energy minima characteristic of the system. After convolution
with the shot-noise effect, the PRH will therefore exhibit two
separate peaks (Figure 11B). For hairpins with a low energy
barrier between the two minima, rapid transitions between the
two states are expected, and each molecule samples the twe
typical conformations several times during each burst, resulting 0.00 l— T T N

Probability

in a broad peak located between the expected position of eacl 007 01 02 0.5 04 05 06 07 08 03 10
characteristics conformation (Figure 11C). Finally, for time 0.02 | T T
constants comparable with the characteristic diffusion time of 0.01

the molecule, the two separate peak locations will still be visible, g;gﬁ'

but intermediate values will also be observed (Figure 11D). A 002F

combined a_nalysis of the influence of shot nois_e an_d Qf asimple Figure 12. DNA hairpin and two-state model. Experimental PRH (gray

two-state kinetic scheme on the PRH should in principle allow columns) and two-state model, shot-noise limited PRH (black curve)

extraction of the kinetic parameters of the system. calculated with 100 bins. The best fit parameters are as follows: closing
We designed a DNA hairpin (Figure 3B) with kinetic ratekc = 1425 s*, opening ratéo = 835 s, average closed P&

parameters corresponding to the last case, i.e., with opening™ 0-81, average open P& = 0.36.

and closing times comparable to the diffusion time. As shown

in Figure 12, the experimental PRH (gray bar histogram) exhibits I our model dsDNA system, we found that the width of the
two local maxima lacking a clear separation (for instance, this PRH is almost always in excess of shot noise. This excess width

histogram cannot be fitted by a sum of two Gaussian distribu- could originate from systematic artifacts inherent in the diffusion
tions). Using a Monte Carlo sampling approach similar to that smFRET_method itself or h_ave atrue mol_e_cular origin. If molec-
described for the computation of eq 17, but including two ular static and/or dynamic heterogeneities could indeed be
transition ratesc andko between two populations characterized Unraveled by our method, one should be able to derive distance
by distinct PR values (opes and closedtc), we were able to distributions and ultimately energy landscapes. Also, direct
account for the observed shape of the PRH (black curve). The measurement of fluctuations could shed new light on strueture
extracted rates = 1425 s andko = 835 s, correspond to function relationship in protein. It is therefore crucial to

time scales (comparable to the diffusion time)rgf.c = 702 understand all possible contributions to the excess width.

us andtc—o = 1.2 ms. We thoroughly examined possible artifacts and possible
] remedies using both simulations and experiments. We have

8. Conclusions shown how to account for background, dye blinking and

We developed an approach that accurately accounts for thebleaching, coincident detection events, and detection volume
contribution of shot noise to the PRH in smFRET experiments. mismatch. All of these possible culprits indeed contributed to
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excess width, but some can be avoided with a proper datawandering around in the excitation volume in many sub-bursts,
acquisition scheme and burst search algorithm, and the remain-as the excitation intensity decreases in the rim of the excitation
der do not have a magnitude large enough to explain the dsDNAvolume. This will result in a burst size distribution (BSD) with
observations. smaller burst sizes.
Excess width could come from dye tethers, dye docking onto A related parameter is the minimum number of photons per
DNA («?2 fluctuations), or unexpected flexibility of the dSDNA  time window, M. If kept constant while the time window size
of the B-DNA itself, as recent studies have suggested. is reduced, the number of detected bursts can be kept constant.
However, the time scale of these hypothetical fluctuations, which In other words, bursts will not be split when using smaller
should be similar to the diffusion time of the molecule in order averaging time windows, if the requested minimum number of
to have an effect on the PRH width, renders them difficult to photons is reduced proportionally. The raMJT can indeed
study. Regardless of the origin of these fluctuations, our method be considered as an instantaneous emission rate. Consequently,
and control experiments suggest that we are indeed able tothe choice of a giverM/T ratio will set the minimum burst
extract heterogeneities, the source of which will be the subject brightness. A large value will favor bursts that correspond to
of further study. Our method is one more addition to an array molecules diffusing through the center of the excitation volume,
of recently introduced fluorescence methods to study such whereas a smaller value will also retain bursts corresponding
heterogeneities, including FC%5 fluorescence lifetime cor-  to molecules, which never diffuse through the center of the
relation®253 or pulsed interleaved excitation/ns-ALEX>* excitation volume.
among others. The minimum number of photon per bursts,only has an
Last, our method can be easily extended to fit multistate PRH, effect on the BSD but does not affect the burst search process
extract the multiple distances characteristic of these states andtself. It can easily be varied by the user after the burst search
the transition rates between them (Nir et al., unpublished).  process has been performed. Smdllealues will retain smaller
bursts and therefore result in broadening of the PRH. Increasing
Acknowledgment. We thank Marcus Jager and Xiangxu L will weed out small bursts and therefore result in narrowing
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no. 1R01-GM65382 (to S.W.) and the NSF. The Center for The PRH values shown are obtained by further limiting
Biophotonics, an NSF Science and Technology Center, is ourselves td. = 50. For the DCBS algorithm, only half of the
managed by the University of California, Davis, under Coopera- diffusion time of the molecule is spent undergoing excitation
tive Agreement no. PHY0120999. E.N. is supported by the by the donor-excitation laser. The other half is indeed spent
Human Frontier Science Program (HFSP). undergoing excitation by the acceptor-excitation laser. Accord-
o . ingly, to preserve the same burst discrimination level, we require
Appendix A: Burst Search Algorithms half the number of photons per identical averaging time
Information theory provides rigorous criteria for defining window: M = 15, T = 500us. Similarly, to obtain an equivalent
photon bursts corresponding to single molecules, provided pyrst size threshold to the APBS, half the value chosen in the

sufficient knowledge of the sample and optical setup can be APBS case has to be chosen in the DCBS case where each
provided? Zhang and Yang have compared an approach basedexcitation channel is considered separately.

on information theory and a standard binning/thresholding
method, showing that the two have comparable performance Appendix B: Modified Knuth Algorithm for Optimal
for shorter time bins (down to 1Qs) 34 Although they did not Binning of the PRH
perform comparisons with the time lag based method originally
introduced by the Seidel grodp,it is expected that a similar
result will hold in this case, as both rely on thresholding.
Here, we briefly describe the rationale behind the choice of
parameters used for the “all photons burst search” (APBS) and
“dual channel burst search” (DCBS) methods used in this work
and based on the Seidel group wéfkn both algorithms, three
parameters are needed to define a burst: the averaging tim
window, T, the minimum number of photons per windoM, M
i
N \2

Knuth's algorithm to determine the optimal bin numibér
for a data setl = {d;; 1 < i = N} relies on a Bayesian approach
and does not suppose any specific form for the underlying
probability distribution of the data pointi3¢ Instead, one looks
for the most likely stepwise function that models the data
distribution. M is obtained as the integer maximizing the

éoosterior probability
M
and the minimum number of photons per butst, ﬂr(nk + %)
M

As a reminder of Eggeling et al.’s meth&tive restate their M
definition in terms of photon arrival time rather than in terms p(M|d) U {— (26)
of time lag, as originally done. The start (respectively, the end) v - -
A . : r '[N+
of a potential burst is detected when the number of photons in 2 2
the averaging window of duratiof is larger (respectively, . . ' .
smaller) than the minimum number of photdvis A potential whereV is the interval size and the’s are the bin values for

burst is retained if the number of photons it contains is larger the specified number of binsl. Practically, it is simpler to
than a minimum numbek. Clearly, these parameters need to minimize the logarithm of the posterior probability (LPP)
be adjusted for samples with different brightness or background M
levels. _ _ _ _ InpMid)=NInM+In r(—) -

Shorter time windowd will result in a better time resolution, 2
which may help detecting transitions such as blinking and 1 M M 1
bleaching steps. However, too short a time window duration MIn F(—) —In F(N + —) + Z In F(”k + —) +K (27)
might artificially split bursts corresponding to molecules 2 2] & 2
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whereK is an irrelevant constant. As described in ref 36, a  Sample 1 (Figure S3A) clearly shows the pathology of data
simple approach to find the maximum of this quantity consists sets made of rational numbers: the logarithm of the posterior
of a brute force calculation favl = 1 to a maximum value (for  probability (LPP) keeps increasing for large bin numbers.
instance, equaV divided by the minimum separation between Dithering the data set with a random number evenly distributed
the d;’s). in [—0.01, 0.01] fixes this problem. Figure S3B illustrates the
Reference 36 tests this algorithm with a Gaussian distribution, fact that some averaging is needed before a maximum of the
a four-step function, a flat distribution, and a three-peaked LPP can be unambiguously defined. Notice also that, even
distribution, recovering in each case a sensible number of binsaveraged over 10 000 dithered data sets, the LPP still looks very

by maximizingp(M|d). noisy. Nevertheless, a clear maximum can be foundVor
Additionally, the analysis provides the variance of the bin 37. Figure S3C,D presents the two histograms (without and with
heights as dithering), binned with the optimal bin number and with 100

bins. The latter value reveals the spikes and voids (Figure S3C,

1 M 1 red), which do not totally disappear upon dithering (Figure S3D,
5 M\2 (”k + 5)"\‘ + 2 (nk + E)] red), whereas the optimal bin number completely eliminates the
K = (v) M2 M (28) problem in both cases.
(N + 3) (N + E"‘ 1) Sample 2 (Figure S4A) exhibits a similarly pathological LPP,

with a local maximum around 20 and a continuous increase for

Unfortunately, experimental PRH do not necessarily result in 1arge bin numbers (not shown in the figure). This is fixed with

posterior probability having a maximum (that is, the resulting & dithering amplitude = 0.01, as before, yielding an optimal

LPP can either be monotically increasing or exhibit only a local PN numberM = 21. As in the previous example, the dithered
maximum). This results from the discrete nature of its rational Nistogram looks smoother than the original histogram {for

values. Two additional ingredients are needed to define a = 100 bins, Figure S4C,D), but for the optimal number of bins,

meaningful optimal bin number in the case of the PRH. both the original data get and the dithered one have for the most
Dithering the Data. The first step consists of adding a small part lost sp!kg and void features. o
random (real) number to each valdielf these random numbers By combining the data from both samples, we artificially
are small enough, they should not perturb the overall shape ofcréate a sample containing a mixture of small and large PR
the histogram, and hence, the optimal number of bins obtainedvalues (Figure S5). Here, as before, dithering is necessary to
for the modified data set should be valid for the unmodified OPtain an LPP presenting a clear maximum, obtainedffor
data set. If they are large enough, they should break the patterrft7- Note that this larger number of bins results in some spikes
of discrete clusters of values resulting from the rational nature @nd voids still visible in the histogram of the nondithered data
of the PR. Experimentally, too small a value does not lead to a Set (Figure S5D).
maximum ofp(M|d). We found that using a flat distribution of Smoothing the LPP.A close look at the shape of the average
random numbers in the interval-pe, +5¢], where ¢ is the LPP in all cases (Figure S&B) reveals that they themselves
smallest separation between the individual data point, usually contain a lot of “spikes and voids”. This is somewhat expected
results in a functiop(M|d) having a clear maximum, but a for a function defined for integers only and for which each new
Gaussian distribution of standard deviationsorks equally number results in a new binning of the histogram. For
well. In practice, using an amplitude/standard deviation of 0.01 histograms such as PRH’s with spikes and voids, changing the
should work for most PRH’s. boundaries of successive bins will result in abrupt variations of
Averaging the LPP. Even though this dithering step results the bin sizes around these spikes, as can be easily verified (data
in a p(M|d) function exhibiting a maximum, it turns out that not shown). The LPP may thus have an absolute maximum that
the location of the maximum depends rather sensitively on the may not correspond to that of the underlying smooth function
actual distribution of random numbers used to dither the data that one may want to mentally draw on top of the noisy LPP.
set. Fortunately, the average functidimp(M|d)Cobtained from A simple way to render this discussion quantitative is to fit the
many dithered data sets obtained with different random numbersLPP with a sum of exponentials. This is done for the average
is itself independent of the random numbers used for dithering. LPP’s obtained from 100 dithered data sets in Figure-&i3,
Experimentally, we found that an average oRer 100 sets of ~ using sums of 4 exponentials. As can be seen on these graphs,
random numbers is sufficient to attain a stable p(M|d)C] the location of the maximum of the smoothed LPP can be rather
function and, therefore, unambiguously define the optimal bin different from that obtained from the original function (sample
numberM. Note however thafln p(M|d)Ofunctions (or, for 1, 33 instead of 37; sample 2, 19 instead of 21; sampte2,
that matter, Inp(M|d) functions) are far from smooth, so that 40 instead of 47).
some care needs to be used in defining the location of the Further Dithering and Asymptotic Behavior of the LPP.
maximum oflIh p(M|d)CJ We note also that we base our analysis As we just discussed, the reason for the noise in the LPP is the
on the average of Ip(M|d), rather than on the logarithm of the  presence of spikes in the underlying histograms. A natural idea
posterior probabilities, Inp(M|d)L] for computational conven- s thus to look at the LPP for histograms with spikes that are
ience. sufficiently smoothed out to result in a smooth LPP. Since we
As an illustration of this technique, we present three examples have already dithered the original data set to obtain LLP’s
of typical real data sets analyzed following the above protocol. exhibiting a clear maximum, the only option left is to increase
One set corresponds to a sample with 1588 PR values (sample¢he dithering amplitude and check the resulting averaged LPP,
1, Figure S3) centered around 0.64, another to a different sampleuntil a clear-cut maximum can be defined. This analysis is
with 780 PR values (sample 2, Figure S4) centered around 0.35,shown in Figure S6 for the three data sets studied previously.
and the last one to a combination of both (sampte 2, Figure Figure S6A,C,E shows the LPP’s obtained after averaging over
S5). An additional set corresponding to a flat distribution of 1000 dithered data sets, with dithering amplitudes ranging from
PR values already discussed in the main text can also be foundd.01 to 0.10. In all cases, a smooth average LPP is obtained for
in Figure S1 (Supporting information). a dithering amplitudes > 0.05. The extracted maxima are
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plotted in Figure S6B,D, and F. A well-defined asymptotic

optimal bin number can be extracted in all cases (sample 1, 22;

sample 2, 16; sample-t 2, 23), which is significantly smaller
than both the maximum obtained from the average LPR for
= 0.01 and that obtained from the smoothed LPP. Interestingly,
the optimal bin number obtained for the combined sample is
almost identical to the maximum of the two numbers obtained

Nir et al.

The acceptor direct excitation term was expressed in ref 14
in terms of the acceptor signal upon acceptor excitation, which
is only available while performing ALEX experiments. Coming
back to the origin of direct excitation of the acceptor

Dir = |DOS¢A’7A (31)

for each separate sample, as expected. This is in marked contragfhere the notations of ref 14 are ushslis the donor excitation

to the previous result obtained with either the averaged LPP or

the smoothed LPPe¢(= 0.01). In these cases, the bin number

obtained for the combined data sets was systematically larger
than those of the individual data sets, pointing to some potential

problem in the definition of these numbers.

It is worth having a look at the evolution of the histograms
as a function of the dithering amplitude in one particular case
(sample 1, Figure S7), to verify the assumption underlying our
approach, namely, that dithering results in fewer spikes, which
in turns results in smoother LPP’s. Figure S7IAshows two
histograms per dithering amplitude (fraam= 0 toe = 0.08 in

intensity,ag is the absorption cross section of the acceptor at
the donor excitation wavelength. We can rewrite

0.01 steps): a 100 bin histogram, exhibiting clear spikes and Finally, following ref 14

voids in the original data set, and the histogram obtained using

the optimal number of bins as defined by the maximum of the
averaged LPP for this dithering amplitude (see Figure S5B).
Unsurprisingly, the 100 bin histograms show fewer and fewer

AN p)
Dir = 1,04 DTATA = F2
D D¢D77DO_B¢D77D 1-E)y D
oh
o=-2 (32)
Op
E
FFRET: EIDOB¢A77A = )/ 1 _ E FB (33)

spikes and voids as the dithering amplitude increases, and thﬁ'/vhereog is the absorption cross section of the donor at the

histograms built with the optimal bin numbers do not exhibit
any for all values of the amplitude. Figure S8 illustrates an
expected (though limited) effect of dithering, namely, histogram

broadening. Figure S8A superimposes the “optimal” histograms

obtained for different dithering amplitudes: qualitatively, they
look very similar. A Gaussian fit, however, reveals that their

width steadily increases with dithering amplitude, as expected
(Figure S8B). Note that these histograms are not what we are

interested in but are simply a tool to determine the optimal bin
number to apply on the original data set.

For all practical matters, it results from this analysis that the
optimal number obtained far ~ 0.10 should be within a few
units of the asymptotic optimal number.

Summary. The previous section has shown that there is a
natural way to define an optimum bin number for the PRH.
Our suggested algorithm is the following:

(i) Generate 1061000 dithered data sets with a dithering
amplitude 0.05-0.10.

(i) Compute the average LPP of these data sets.

(i) The location of maximum is the optimal bin number.

donor excitation wavelength.
Using these expressions in eq 29, we obtain

E 5\t
1—E+y(1—E))

e=1—(1+i+y (34)

which is the expression obtained by Antonik et3lwith the
addition of the term due to direct excitation of the acceptor not
considered by these authors.

Appendix D: Shot-Noise Limited PRH in the Presence of
Background

In ref 32, Antonik et al. proposed an expression to compute
the probability distribution oD/A ratios that included the effect
of background. To obtain their results, they used several
simplifications. First, to avoid having to deal with bursts having
different durations, they slice the detected bursts into pieces of
equal duration (1 ms) and consider each slice as a new effective
burst. The main issue with this treatment is that it reduces the

Figure S9 shows the histograms (of the Origina| data Sets) burst size (total number of counts in a bUrSt), therefore increasing
built using the optimal bin numbers obtained in the previous the effect of shot noise on the calculated histogram (be it the
section, superimposed on 100 bin histograms. Spikes and voidgatio of donor to acceptor count histogram as in ref 32 or the

are gone, while the fine structure of the PR distribution remains
clearly visible.

Appendix C: Theoretical Expression ofe in the Absence
of Background

Using the notations introduced in section 2, the expected PR

ratio has the following expression:

_ Lk +Dir + F¢T
Lk + Dir + FFRET+ F P

(29)
Following ref 14, it is easy to show that the leakage contribution
to the acceptor counts is proportional to the donor signal

Lk = AFS° (30)

where is the donor-leakage coefficient.

PRH in this work). Also, as burst durations might not be
commensurate to the chosen constant slice duration, a lot of
photons will be discarded because they correspond to slices of
duration less than 1 ms. A more efficient way would be to look
at the burst distribution as a bidimensional one, BSBD). each
burst is characterized not only by its total number of pho®ns
(discrete, integer variable) but also by its duratidigontinuous,

real variable). To take into account the background counts, we
need to know their probability distribution for each different
burst sizeéSand duratiore: p a(N|S, 7), where the indeX or

A stands for donor background counts or acceptor background
counts. In the absence of burst size constraint, the probability
to obtaind (respectively,a) background counts in the donor
(respectively, acceptor) channel is given by a Poisson law

1 o1
I,(d|d7) = a(57)“ e’
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1, (alor) = %(ar)a e (35)

whered (respectivelya) is the background rate in the donor
(respectively, acceptor) channel. The distributifpa(N|S, 7)
should in principle depart from simple Poisson ones, since a
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