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Optimizing Methods to Recover Absolute FRET Efficiency
from Immobilized Single Molecules
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ABSTRACT Microscopy-based fluorescence resonance energy transfer (FRET) experiments measure donor and acceptor
intensities by isolating these signals with a series of optical elements. Because this filtering discards portions of the spectrum,
the observed FRET efficiency is dependent on the set of filters in use. Similarly, observed FRET efficiency is also affected by
differences in fluorophore quantum yield. Recovering the absolute FRET efficiency requires normalization for these effects to
account for differences between the donor and acceptor fluorophores in their quantum yield and detection efficiency. Without
this correction, FRET is consistent across multiple experiments only if the photophysical and instrument properties remain
unchanged. Here we present what is, to our knowledge, the first systematic study of methods to recover the true FRET efficiency
using DNA rulers with known fluorophore separations. We varied optical elements to purposefully alter observed FRET and
examined protein samples to achieve quantum yields distinct from those in the DNA samples. Correction for calculated
instrument transmission reduced FRET deviations, which can facilitate comparison of results from different instruments.
Empirical normalization was more effective but required significant effort. Normalization based on single-molecule photobleach-
ing was the most effective depending on how it is applied. Surprisingly, per-molecule y-normalization reduced the peak width in
the DNA FRET distribution because anomalous vy-values correspond to FRET outliers. Thus, molecule-to-molecule variation in
gamma has an unrecognized effect on the FRET distribution that must be considered to extract information on sample dynamics

from the distribution width.

INTRODUCTION

Fluorescence resonance energy transfer (FRET) is widely
thought of as a spectroscopic ruler on the nanometer scale
(1,2). Many biological phenomena occur on this scale,
making FRET a popular tool in biology. The efficiency of
energy transfer (E) between two fluorescent dyes is related
to the fluorophore separation (r) by
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where R, is the Forster radius (3), which encompasses
parameters such as spectral overlap, donor quantum yield,
and the orientation of the transition dipoles.

FRET efficiency is used as a marker for colocalization and
interaction, to study the magnitude of conformational
changes and to calculate absolute distances. Measuring
FRET using microscopy comes with a unique set of technical
challenges to recover biologically relevant information.
Microscopy experiments measure the donor and acceptor
intensity by passing the emission through a series of optical
elements to avalanche photodiode detectors or a sensitive
digital camera (commonly an electron multiplied charge-
coupled device (EMCCD)). The observed FRET efficiency
has been called the relative proximity ratio (Epg) because it
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is internally consistent as long as the photophysical and
instrumental properties remain unchanged (4). Epg is deter-
mined from the measured intensities (/) of the donor (D)
and acceptor (A):
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Because Epg varies with fluorophore separation, it is
useful for drawing conclusions about the timescale and
magnitude of structural changes and molecular associations.
However, it is often desirable to recover the true FRET
efficiency (E) separated from instrument and photophysical
effects. The measured intensity values must be corrected as
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where Bl corrects for leakage of donor emission into the
acceptor channel (5). The parameter y accounts for differ-
ences between the donor and acceptor in detection efficiency
(n) and quantum yield (¢) (6,7):

n [
Y= (A> X (A> = Ma/p X Pa/p- “4)
b bp

Thus, normalization by vy adjusts for differences between
the donor and acceptor dyes in their probability of photon
emission upon excitation and the probability that emitted
photons will be detected. Because FRET is a ratio, the effect
of y-normalization is not a constant but rather varies as a
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function of the true FRET efficiency. The values of § and v
can be manipulated by the investigator through the choice of
optical elements. This must be balanced with considerations
of the signal/noise ratio. Filter sets can be chosen to bring
Na/p Near to one but this does not account for ¢,,, making
it difficult to maintain control over the magnitude of these
corrections.

In single-molecule FRET (smFRET) microscopy,
methods of v determination vary depending on experimental
methodology. Measurements on diffusing molecules have
relied on empirical measurement of the individual parame-
ters in Eq. 4 for quantum yield and detector efficiency
(8-10). A related approach to y-determination for diffusing
molecules also relies on a linear relationship between Epg
and the stoichiometry (5). For immobilized single molecules,
v has been obtained from the change in intensities before
(Pre) and after (Post) acceptor photobleaching (7) as
_ (Igre - [Iéost) (5)
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Photobleaching is a hallmark of smFRET, so this
method of 7y determination does not require additional
experiments. Molecules where acceptor photobleaching
precedes that of the donor provide the needed information.
The value v can also be obtained from the difference in
FRET efficiencies calculated from fluorescence intensity
and fluorescence lifetime but this requires specialized
instrumentation (11).

Methods of +y-determination are chosen largely due to
experimental constraints. In diffusing molecule experiments,
motion out of the detection volume is typically faster than
photobleaching making empirical determination of y neces-
sary (5,10). Similarly, the ease of recovering v using Eq. 5
when measuring immobilized single molecules removes
the need for empirical determination of y. Although not all
FRET studies report vy-normalization, various forms of
normalization have been used for more than a decade.
Despite the large effect y can have on measured FRET, the
efficacy of ~y=Prical and yPhorebleach have never been
compared. We present here the first systematic comparison
of y-normalization methods using a series of FRET micros-
copy measurements on duplex DNA samples with known
donor and acceptor fluorophore separations.

To demonstrate the dependence of Epg on the choice of
optical elements, we recorded SmFRET distributions using
different optical paths. To examine the effect of photophys-
ical properties on Epg, we also used dye-labeled protein
samples with differing quantum yield. We tested the efficacy
of methods for correcting the smFRET efficiency. We
compared:

Photobleach

1. A simplified normalization using the filter transmission
properties.

2. yFmpirical determined from control experiments.
Photobleach
3. v .
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Our results show that molecule-to-molecule variations in
v are an unrecognized contribution to the width of the
smFRET distribution that can only be corrected using per
molecule y normalization with y*"/0b'each,

MATERIALS AND METHODS
DNA constructs

Fluorescently-labeled, HPLC-purified oligonucleotides (some biotinylated)
were purchased from Integrated DNA Technologies (Coralville, IA) (see
Fig. 1 for sequences and position of modifications). Equimolar donor- and
acceptor-labeled complementary strands were combined in a microfuge
tube at 1 uM in 10 mM Tris-HCl, 50 mM NaCl, and 1 mM EDTA,
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FIGURE 1 DNA duplexes used as FRET standards. (A) DNA oligonucle-

otides used to form the FRET standards. The acceptor strand has a 5’
terminal Cy5 dye and a 3’ biotin TEG moiety for tethering the DNA. Four
different DNA constructs were generated by annealing this top strand with
one of four complimentary strands each containing an internal Cy3 dye at
the position indicated. The numbering refers to the basepair preceding the
internal Cy3. (B) Raw FRET histograms show the relative proximity ratio
(Epg) for each of the DNA constructs as labeled above their distribution:
DNA19 (19 bp), DNA14 (14 bp), DNA10 (10 bp), and DNA7 (7 bp).
Separate measurements are shown for each DNA duplex under optical
path 3. (C) Relative proximity ratio for the four DNA duplexes measured
under optical path 1 (solid), optical path 2 (shaded), and optical path 3
(open). Panel shows the mean value with the error bars indicating the width
from a Gaussian fit.
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pH 8.0. Duplexes were annealed by placing the samples in 1 L water that had
been brought to a boil and was allowed to cool spontaneously to 4°C. For
ensemble measurements, donor and acceptor strands were annealed to
complementary DNA strands lacking biotin and dye.

Distances within the DNA crystal structure were measured using PyMol
(DeLano Scientific, South San Francisco, CA).

Fluorescence microscopy

Images were collected with a 60x, 1.2 NA water immersion objective
(Olympus, Center Valley, PA). Total internal reflection was achieved
with a home-built prism illuminator. Laser excitation was at 532 nm and
633 nm for donor and acceptor, respectively. Images were recorded with
an iXon EMCCD camera (Andor Technologies, Belfast, UK) or a Cascade
512B (Roper Scientific, Tucson, AZ). Glucose oxidase and catalase in 1%
glucose were used as an oxygen scavenging system and triplet state
quenchers (Trolox for DNA and cyclooctatetraene for protein) were
included (Sigma-Aldrich, St. Louis, MO).

Optical path 1 contained a 550 LP filter (Chroma Technology, Rocking-
ham, VT), a 593-nm dichroic mirror (Semrock, Rochester, NY), a 562/40 BP
filter (Semrock) and a 670/30 BP filter (Semrock) with the Andor camera.
Optical path 2 is a separate instrument that uses a 645-nm dichroic mirror
(Chroma), a 585/70 BP filter (Chroma), and a 700/75 BP filter (Chroma)
with the Cascade camera. Optical path 3 is the same instrument as optical
path 1 but contained a 550 LP filter (Chroma), a 645-nm dichroic mirror
(Chroma), a 585/70 BP filter (Chroma), and a 670/30 BP filter (Semrock)
with the Andor camera. See Table 1 and Fig. 2 A.

Data analysis

Images were analyzed using MATLAB (The MathWorks, Natick, MA).
See Supporting Material for details. Single molecules were verified by
selecting only events showing single-step photobleaching to baseline. The
raw Epg values are corrected for background and leakage of the donor
into the acceptor channel but not normalized by 7y. Acceptable events
for calculating vy, where the acceptor photobleaches before the donor
(Fig. 3 A), typically make up <50% of otherwise acceptable FRET events.
The value y was calculated based upon the average donor and acceptor
intensities for the 20 frames immediately before and after the manually
selected photobleaching event.

Protein constructs

The cDNA for rat PSD-95 was cloned into pet28a and expressed using
Rosetta cells (EMD Chemicals, Gibbstown, NJ) according to the manufac-
turer’s instructions. Labeling with maleimide derivatives of Alexa dyes
(Invitrogen, Carlsbad, CA) was done in 25 mM HEPES, 300 mM NaCl,
and 0.5 mM TCEP, pH 7.4. Free dye was removed by desalting using
Sephadex G50 resin (GE Healthcare, Piscataway, NJ). Labeling efficiency
was >90% as determined from absorbance measurements using calculated
extinction coefficients and the corrected ratio of absorbance at 280 nm to
556 nm and 651 nm for Alexa 555 and Alexa 647, respectively. Protein
was encapsulated into 100-nm vesicles by extrusion (Avanti Polar Lipids,
Alabaster, AL) (12).
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FIGURE 2 Normalizing the relative proximity ratio using calculated 7,p.
(A) Measured emission spectra of Cy3 (red) and CyS5 (blue) normalized to
the emission maxima. The transmitted spectrum for each dye was calculated
from the emission spectrum and the transmission spectrum for each element
in the optical path and the camera response curve. Calculated transmission is
shown for optical path 1 (solid line), optical path 2 (dashed line), and optical
path 3 (shaded line). (B) Normalized relative proximity ratios for DNA
under optical path 1 (solid), optical path 2 (shaded), and optical path 3
(open). Epr was adjusted using the theoretical 74/p, calculated as shown
in panel A. Panel shows the mean value with the error bars indicating the width
from a Gaussian fit. (C) FRET efficiencies for DNA recorded under optical
path 1 (black) and optical path 3 (white) normalized using calculated y="r"7c!
values specific to the indicated sample and filter set. Mean FRET efficiencies
are shown with error bars indicating the width from a Gaussian fit.

RESULTS

Correcting for optical elements as a means
of standardizing smFRET instrumentation

DNA oligonucleotides are one of the mostly widely mea-
sured systems in smFRET (4,5,13-19). Because it adopts
well-defined structures, DNA has served as a molecular

Wavelength cutoffs of the optical elements in the microscopy filter sets

Bandpass filter

Bandpass filter

Optical path  Long pass filter ~ Dichroic mirror cutoff (donor) (acceptor) EMCCD camera  Theoretical 4,5,  Empirical n4/p
1 550 nm 593 nm 562/40 670/30 Andor iXON 1.41 0.79
2 None 645 nm 585/70 700/75 Cascade 512B 0.78 N/D
3 550 nm 645 nm 585/70 670/30 Andor iXON 1.08 0.46
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FIGURE 3 Measuring vy from anti-correlated photobleaching events. (A)
Example trace (DNA10) showing a molecule from which vy can be calcu-
lated based upon the anti-correlated change in acceptor (red) and donor
(green) intensity. Acceptor photobleaching is indicated with arrow. The
bar above the panel shows the alternating laser colors during acquisition.
The y""0"P!eah can only be calculated from molecules where acceptor pho-
tobleaching precedes donor photobleaching. (B) Histogram of individual
wyPhotobleach yalues for each DNA molecule recorded under optical path 1
for DNA7 (orange), DNA10 (purple)y DNA14 (green), and DNA19
(blue). (C) Cumulative histogram showing universal y*"7°?*¢" for DNA
duplexes measured under optical path 1 (left), optical path 2 (middle), and
optical path 3 (right).

standard to investigate accuracy, effects of anisotropy,
and the impact of instrumentation and data processing on
smFRET measurements. In line with these previous studies,
we used short, duplex DNA samples to examine methods of
standardizing different instruments and for recovering a true
FRET efficiency from measured single-molecule intensities.
To this end, we used a series of 34-basepair duplex oligonu-
cleotides containing a Cy5 acceptor dye attached to the 5
end of one strand and an internal Cy3 donor attached at a
variable position along the other strand in the duplex
(Fig. 1 A). We created four duplexes containing donor-
acceptor separations of 7 basepairs (DNA7), 10 basepairs
(DNA10), 14 basepairs (DNA14), and 19 basepairs
(DNA19).

The raw FRET efficiency (relative proximity ratio, Epg)
decreased with increasing fluorophore separation as ex-
pected (Fig. 1 B and Table S1 in the Supporting Material).
We measured this DNA ladder under the same conditions
on two separate instruments with different EMCCD cameras
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using a total of three different optical paths, which resulted
in differing values for Epg (Fig. 1 C and Table S1). The
variation between measurements is greatest at Epp values
near the Forster radius, where the distance dependence is
most sensitive, with much less variation in Epp for samples
with high or low FRET.

In this study, donor and acceptor emission interacts with
three spectrally dependent optical elements before reaching
the camera. The transmission properties of the filters limit
how much of the spectrum of fluorescence emission is
collected, which affects the measured intensity (Fig. 2 A
and Table 1) and thus changes Epg (Fig. 1 C). Despite this,
changing the optical path has a minimal effect on Epp for
samples with FRET near zero or one. In these cases, the
donor or acceptor intensity is near zero, so FRET is less
sensitive to changes in the fraction transmitted. For this
reason, the accuracy of FRET measurements may be dimin-
ished at the extreme ends of the FRET scale. The sensitivity
of FRET to changes in distance also drops sharply in these
regions, so such values can be of limited quantitative value.
As such, we will focus our attention on correcting for the
large deviation in samples with FRET values near the Forster
radius. Given that the samples were identical, the structure of
the duplex DNA is the same for all measurements. This
leaves the terms composing vy as the expected cause of the
differences in Epg. The true FRET efficiency is independent
of the optical elements so we wanted to measure how well
we remove the artifacts introduced by changing the filters.
We compared the mean FRET values for a given DNA
sample measured under the three optical paths. To assess
convergence of the mean FRET, we calculated the standard
deviation of the mean FRET values after normalization.
Thus, reduced standard deviation of the means corresponds
to closer agreement in Epg between different measurements.
Convergence of the mean directly reveals our ability to
correct for the optical changes we have made to the instru-
ment. The accuracy of the corrected FRET efficiency when
used for distance calculations is discussed separately below.

A straightforward method of y-normalization is to use
only the transmission properties of the optical filters and
detector efficiencies of the EMCCD cameras as provided
by the manufacturers. We calculated the theoretical n4,p
by multiplying the emission spectra of the donor and
acceptor fluorophores by the spectrally dependent transmis-
sion and detection efficiencies of the optical elements in
the microscope and taking the ratio of the transmitted inten-
sity of the donor and acceptor. To calculate FRET, the donor
intensity was normalized according to Eq. 3 using a y-factor
equal to the theoretical n,4,p. The values for the theoretical
Na/p are shown in Table 1. Normalization with the theoretical
Na/p values reduced the mean standard deviation for all DNA
samples by 35% as compared to the raw Epg values (Fig. 2 B
and Table 2). The normalized Epgp values for the DNA ladder
measured on different instruments or using different optical
paths could be brought into closer agreement (Table S2).
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TABLE 2 Effect of y-normalization methodology on the
convergence of DNA FRET values recorded under different
optical paths

Average standard

Normalization method deviation of the mean

Raw 0.0724
na/p (Theoretical) 0.0470
Nap (Empirical) 0.0340

Empirical 0.0362
Universal //0tobleach 0.0220
Global ~/hetobleach 0.0198
Individual /#otobleach 0.0082

Differences in Epr are still pronounced. Also, although
normalization for detection efficiency increased convergence
for FRET measured under varying optical conditions, the
resultant value should still be considered Epg rather than
the true FRET efficiency because this is only a partial correc-
tion. According to Egs. 3 and 4, we still must account for
differences in quantum yield.

Empirical determination of the parameters
composing y

In studies of diffusing single molecules, v has been deter-
mined empirically (y*™"*“') by making a series of experi-
mental measurements of the individual parameters: the
relative instrument response, 74,p, and relative quantum
yield, @ap, and then calculating y*"P"““ using Eq. 4
(8-10). To our knowledge, an equivalent empirical calibra-
tion has not been published for wide-field observation of
immobilized single molecules, so we determined 7"
for our EMCCD-based total internal reflection fluorescence
microscope. As control samples, we used oligonucleotides
with either the 5’ Cy5 acceptor or the internal Cy3 donor
(from DNA19), which were annealed with an unlabeled
complimentary oligonucleotide to form the singly-labeled
control DNA duplexes.

In studies of diffusing molecules, detection efficiency was
determined by measuring the avalanche photodiode detector
count rate as a function of the concentration of singly-labeled
control samples (8—10). In this experimental configuration,
the number of molecules in the focal volume varies with
time but the average intensity scales with solution concentra-
tion. For immobilized samples, a single molecule can be
unambiguously identified from the photobleaching decay.
Variation in FRET efficiency arises from different emission
rates from a single dye. Thus, detection efficiency for immo-
bilized molecules depends on the sensitivity to different rates
of single dye emission. To examine this directly, we varied
the rate of photon emission from a single molecule by
increasing the excitation laser power rather than increasing
the number of molecules emitting photons.

DNA samples singly-labeled with either Cy3 or CyS5 were
both excited at 532 nm and the mean emission intensity was
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determined at a series of laser powers. To examine how
effectively empirically measured detection efficiency
corrects for variations in optical elements, we measured the
power dependence under optical paths 1 and 3, which gave
different values for n4,p (Fig. S1 A and Table 1).

Using the same singly-labeled DNA, we measured the
dependence of the integrated ensemble fluorescence emis-
sion of each fluorophore as a function of concentration
(Fig. S1 A, bottom panel). Because the ensemble measure-
ments collected the entire emission spectra of the fluoro-
phores, we used this value to normalize the single-molecule
response as described by Ferreon et al. (8):

Ensemble SM
= (s ) * (e ©)
nA/D m.z‘)M minxemhle :
Here m*™ is the slope of single-molecule laser-power

dependence and m"™™“"™ is the ensemble concentration

dependence. The values for the empirical n4,p are shown
in Table 1. Although our determined values for empirical
na/p trend with the theoretical n4,p, the magnitudes were
significantly different. Similar values for the empirical 14,p
were obtained for protein samples singly-labeled with either
Alexa 555 or Alexa 647 encapsulated within lipid vesicles
due to the similarity of the emission spectra with respect to
the emission bands passed (Fig. S1 B).

Using empirical values of 14,p to correct the Epg of the
DNA samples resulted in a 53% reduction in mean standard
deviation for all DNA samples measured under these two
optical paths as compared to the raw Epp values (Table 2
and Table S3). Empirical n4,p normalization reduced the
mean standard deviation by ~45% relative to the theoretical
Nap for measurements made under optical paths 1 and 3
(Table 2), which suggests that the theoretical transmission
of the optical elements alone are insufficient to determine
the instrument response. Even though normalization by
empirical n4,p improved convergence, it does not normalize
for ¢4,p and thus is still technically considered Epr (see
Egs. 3 and 4).

To recover the true FRET efficiency, we determined the
ensemble quantum yield of the acceptor and each donor in
singly-labeled DNA duplexes (20). There was little variation
in donor ¢ as a function of labeling site, S0 @ 4,p Was similar
for all DNA constructs (Table S4). The Epy distribution for
each of the DNA samples was corrected using y="rica!
calculated from the empirical ¢4,p for that DNA duplex
and the empirical n4,p for the optical path. Thus eight values
of yFmrirical were calculated one for each DNA duplex under
optical paths 1 and 3 (Table S5). The use of y*"7"*“ yielded
no additional improvement in the convergence of the mean
FRET values when compared to using the empirical n4,p
alone (Fig. 2 C and Table S6). Incorporating ¢4/p recovers
the true FRET efficiency but the convergence relative to
the raw Epg values was slightly worse than not using the
quantum yield information (Table 2). The failure of ="
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suggests that the ensemble measurements may not be
yielding accurate quantum yield values, but single-molecule
intensity measurements confirmed that there was little varia-
tion in emission levels between the duplexes (Fig. S2).

Determination of v from photobleaching

We also measured y for immobilized single molecules from
the magnitude of the anticorrelated intensity change of the
intensities upon acceptor bleaching using Eq. 5 (7). An
example of such a photobleaching event is shown in Fig. 3
A. As described previously, the value of v varies among mole-
cules within a given sample (Fig. 3 B) (6,16). The majority of
values were normally distributed about a mean but there were
always outliers that displayed values severalfold higher than
the mean vy-value (Fig. 3, B and C). To correct Epg, the
predominant peak in the y-distribution was fit to a Gaussian
function and the center value was used as y’"7"°?"“h for
each sample. Across all three optical paths, y”o/oPleach
decreased as the distance between donor and acceptor
increased (Table S5). Thus, y""9"" appeared to correlate
with the FRET efficiency. There was reasonable agreement
between " 0robleach and yEmpirical for the shortest interfluoro-
phore separation (DNA7) but the values diverge at larger
separations because y=™P" did not show distance depen-
dence (Table S5).

Optimal application of y-normalization

Variability in vy and the presence of y-outliers raise questions
as to how normalization should be applied to recover FRET
efficiency effectively. y*"*"?*¢“" can be measured once and
applied as a universal normalization to all measurements
using the same dyes and optical path. This method does
not account for the sample-to-sample variation in vy that we
observed. One could normalize an individual data set using
the data set specific mean or global vy-factor. This does not
account for variation within a data set or the outliers with
v-values significantly different from the mean. To account
for these outliers, one would have to normalize each mole-
cule with an individual vy-factor. These approaches have all
been previously reported but never compared (6,7,21-23).

To determine the optimal method for normalization, we
compared results of applying each approach to the DNA
data sets (Table S7). The universal vy-factor was taken as the
value at the center of a Gaussian fit to a combined v distribu-
tion containing all four DNA constructs. The universal
yPhotobleach wag determined separately for each optical path
resulting in three values for y (Fig. 3 C). The global
yPhotobleach waq determined from the y-distribution of each
combination of DNA and optical path and gave rise to 12
values for y (Table S5). Calculating the individual y*"/0P!each
gave rise to hundreds of values for vy, equal to the total number
of molecules.

Because FRET is minimally sensitive to optical path at
extreme FRET values, we focus our comparison of effective-
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ness on DNA10 and DNAI14, which showed midrange
FRET. Normalization of donor intensity by ~/"?Plach
resulted in convergence of the mean FRET values across
optical paths compared to raw Epy, albeit with some variation
in effectiveness depending on the application (Fig. 4 A and
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FIGURE 4 Comparison of methods for normalization of DNA FRET
using y #orobleach  Effectiveness of the normalization methodology was
assessed by comparing the mean and width from Gaussian fits to the histo-
gram of a given DNA construct under each of the three different optical
paths. (A) The standard deviation in the corrected mean FRET efficiency
of each DNA construct measured under the three different optical paths after
the indicated method of y-normalization. Reduced standard deviation indi-
cates convergence of the mean FRET efficiency after y-normalization is
applied. (B) The mean peak width for each DNA duplex under the three
optical paths. A reduced mean width indicates narrower peaks after
y-normalization. Error bars indicate the standard deviation between the
mean widths measured under different filter sets after the indicated method
of y-normalization. Smaller error bars indicate convergence in the y-normal-
ized width between the different optical paths. Asterisk denotes statistical
significance (p < 0.001), Student’s one-tailed -test. (C) Raw relative prox-
imity ratios (shaded) and """ normalized (open) DNA samples
measured under path 3 were converted to distances assuming «*> = 2/3
and using a Forster’s radius of 5.1 nm. The crystal structure of Rhodamine
6G terminally attached to the 5’ end of a DNA double helix (PDB ID: 2V3L)
was used as a reference. Using PyMol, distances between the phosphate
backbone and the oxygen atom of the central xanthene chromophore were
calculated as a function of basepair separation. Error bars indicate the stan-
dard deviation for replicate measurements made under the same optical path.
The shaded regions correspond to distances calculated from the raw Epg
histogram peak widths. In this simple analysis, which does not take into
account dye positioning or orientation, y-normalization results in FRET
efficiencies in closer agreement to existing data.
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Table 2). Applying a universal normalization resulted in a
70% decrease in standard deviation relative to the raw Epg
values for all samples under the three optical paths (Table 2).
In contrast, global normalization resulted in a 73% decrease
whereas individual +y-normalization resulted in an 89%
decrease (Table 2). Thus all "% normalization
methods largely corrected the apparent FRET for the
changes made to the optical path, but individual normaliza-
tion showed the greatest convergence (Fig. 4 A). Raw Epg
distributions showed wide FRET peaks, and normalization
methods that utilized a single y-value per sample had no
effect on the peak width (Fig. 4 B). In contrast, individual
y-normalization resulted in a decrease in peak width for
DNA10 and DNA14 (Fig. 4 B). The reason for this effect
becomes apparent when we plot the distribution of y within
the FRET peak (Fig. 5). We calculated the mean vy for all the
molecules within each bin of the FRET histogram and
colored every bin in the histogram according to its mean
y-value. In the raw data, v increases with FRET efficiency
such that molecules at the high or low edge of the peak
have correspondingly high or low v (Fig. 5 A). Per-molecule
normalization reduced the +y-bias such that vy is more
uniformly distributed across the peak (Fig. 5 B). This
reduced the peak width by bringing outlying FRET values
closer to the mean. Thus, individually normalized DNA
samples have very narrow FRET peaks as would be expected
for molecules with little conformational variability.

Effect of y-normalization on structural
calculations using FRET values

To confirm that the different y-normalization methods are
producing the true FRET efficiency, we performed some
basic structural calculations using Eq. 1 to convert FRET
efficiencies measured from the DNA rulers into dye-separa-
tion distances. A major challenge in calculating distances
from FRET data is accounting for the relative orientations
of the transition dipoles of the donor and acceptor (24).
This effect is captured in a parameter termed k in common
calculations of the Forster radius. A widely used assump-
tion is that the dyes are freely rotating on the measurement
timescale, which gives a value of k%> = 2/3. Limits can be
placed on « through measurement of the anisotropy, but
this does not remove uncertainty regarding the dye orienta-
tion (25). Despite this uncertainty, distance calculations
using k? = 2/3 have been repeatedly confirmed by high
resolution methods (26,27). The intricacies of structural
calculation are beyond the scope of this study so we have
used the published Forster radius (Ry = 5.1 nm) that
includes the assumption of x* = 2/3. In comparing our
values (derived from FRET measurements) to distances
measured from the crystal structure of 5’ fluorescently-
labeled DNA (28), we find that normalization improves
the agreement between smFRET and high-resolution
structural data (Fig. 4 C).
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FIGURE 5 Distribution of v within the FRET peak for DNA. (A) The
mean vy-value for all molecules within each bin of the uncorrected relative
proximity ratio histogram for DNA10 and DNA14 measured under optical
path 1. The value of mean v for each bin of the FRET histogram is colored
according to the scale bar shown beneath the panels. An increasing relative
proximity ratio correlated with increased y for uncorrected measurements.
(B) The mean vy-value for all molecules within each bin of the corrected
FRET efficiency histogram for DNA10 and DNA14 after y//" ! normal-
ization. The vy-values are more evenly distributed in the FRET histogram but
y-outliers still show outlying FRET values.

Application of y-normalization to protein samples

The different DNA samples showed little difference in @4,p.
To demonstrate the effects of y-normalization on samples
with different quantum yields, we measured intramolecular
smFRET data from two doubly-labeled proteins. Because
the protein surface is chemically variable, the quantum yield
of protein-attached dyes can be greatly affected by the local
environment. We used the synaptic scaffold protein PSD-95,
which contains tandem N-terminal PDZ domains connected
by a short linker. We created a series of constructs containing
a single cysteine within each domain for fluorescent labeling.
We introduced the mutation Y236C in PDZ2 and paired this
with one of two mutations in PDZ1: E135C (PSD21) or
S142C (PSD20). The protein numbering is arbitrary and
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does not relate to the fluorophore separation, as the protein
structure is not known. The dye separations for these two
labeling site combinations were expected to be similar.
The constructs differ at only one of the labeling sites in
which the dye position was moved by only seven residues
in the primary sequence. Despite the proximity of the
labeling site positions, the ensemble quantum yield measure-
ments showed that donor ¢ varied with the labeling position,
thus changing ¢,,p (Table S4). The mean Epg values deter-
mined using optical path 1 for each of the protein samples
were also divergent (Fig. 6 A and Table S8). Differences in
yPhorbleach aoreed with the measured differences in ¢p,
which predict higher y for PSD 20 (Fig. 6 B and Table
S5). Normalization by vy showed that the two samples had
similar true FRET efficiency despite differing in apparent
Epp. This confirmed that differences in raw Epp were the
result of changes in the photophysical properties of the dye
molecules, rather than underlying fluorophore separation.
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FIGURE 6 Application of vy normalization to protein samples. Two
different PSD-95 mutants are shown: PSD20 contained the mutations
S142C-Y236C (open); PSD21 contained the mutations E135C-Y236C
(shaded). Proteins were randomly labeled with a mixture of Alexa 555
and Alexa 647. Data shown was measured under optical path 1. (A) Histo-
gram of Epg for PSD20 (open) and PSD21 (shaded). Data points are shown
as solid circles with the Gaussian fit shown as a solid line. (B) Histogram of
y-values compiled from individual photobleaching events. (C) Histograms
of FRET efficiency normalized with y"*""“e! Because of differences in v,
samples with similar FRET display differing Epg.
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Altering the optical path has the same effect on protein
Epr as was observed in DNA (Table S8 and Fig. S3 A).
Normalization by ,YEmp[ri('al’ ,YGlobal’ and ,Ylndividual all pI'OVCd
effective at reducing the effect of optical path manipulations
with 77%, 89%, and 95% reductions in mean standard
deviation, respectively (Table S8 and Fig. S3 D). Thus,
y-normalization is similarly effective in achieving con-
vergence of the mean FRET values for protein and DNA.
Interestingly, applying individual y-normalization to protein
FRET histograms did not result in the same magnitude
reduction in peak width observed in the DNA FRET histo-
grams (Fig. S3 E). Examination of the y-distribution within
the FRET peak shows a similar dependence of v on Epg that
is removed upon y-normalization, but this was not accompa-
nied by a similar width reduction (Fig. S4). This suggests
that factors other than +y-variability, such as dynamic molec-
ular properties, are limiting factors in the distribution width.

DISCUSSION

When v is near 1, normalization has a small impact on the
FRET efficiency. It is reasonably straightforward to set
the relative detection efficiency (14,p) equal to one, but the
quantum yields of dyes conjugated to biological molecules
are more difficult to control. Quantitative interpretation of
FRET microscopy experiments requires normalizations for
these effects to allow comparisons between different instru-
ments, different optical paths, or between samples with dif-
ferent dye quantum yields. Accurate conversion of FRET
efficiency to dye separations also requires proper normaliza-
tion of the donor intensity by 7.

Simple normalization using the manufacturer’s transmis-
sion data for the optical elements facilitates comparison to
results on other instruments (Fig. 2 B and Table 2). Empirical
measurement of transmission further improved convergence,
which suggests that factors other than the optical filters
contribute to the detection efficiency (Fig. 2 C and Table 2).

Accounting for detection efficiency is insufficient to get
the true FRET efficiency (see Eqs. 3 and 4) which requires
normalization for the quantum yield (¢). Despite successful
cross-validation of two quantum yield standards, normaliza-
tion by y*"7"*““! did not improve convergence. This suggests
that some other parameter is affecting the single-molecule
FRET measurements beyond fluorophore quantum yield.

Normalization using y*"**°?'**" was the most effective at
achieving convergence of the Epp values (Fig. 4 A). Our
results show that the global +y-factor was sufficient to
correct the mean FRET efficiency (Fig. 4 A and Table 2).
A universal y-factor was less effective because it fails to
account for actual variability in y between samples (Fig. 2 B
and Fig. 4 A). However, only normalization with individual
y-factors for each molecule resulted a narrowing of width of
smFRET distributions (Fig. 4 B).

Both systematic factors, including instrumental or photo-
physical effects as well as dynamic molecular motion, can
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contribute to broadening the widths of FRET efficiency
distribution peaks in SmFRET experiments (4,11,29). Here
we show for the first time, to our knowledge, that vy-vari-
ability also contributes to broadening FRET histogram
widths. Molecules with FRET values near the edges of the
FRET distribution also commonly had outlying vy-values
and per-molecule y-normalization brings these values closer
to the mean (Fig. 5 and Fig. S4).

Applying y-normalization has less effect on convergence
at low and high FRET where Epg is minimally sensitive to
changes in the optical path. This artifact occurs because
calculations are being made with either the donor or acceptor
emission near zero. At these regions, even alterations in the
optical path did not produce a large divergence of the raw
Epg. Despite poor performance on convergence, y-normali-
zation still improves the accuracy of structural calculations
when v is not near 1 (Fig. 4 C). This may arise because
molecules that, due to background subtraction, appear below
FRET = 0 or above FRET = 1, can be shifted away from
these erroneous FRET values.

Most molecules have y-values distributed normally about
the mean, but outliers can differ by more than a factor of two
at exclusively higher y-values (Fig. 3, B and C). Single-
molecule intensity distributions lack equivalent outliers
varying by severalfold from the mean (Fig. S2 and data
not shown). Thus, y-outliers are not explained by anomalous
single-molecule quantum yield. To rule out the possibility
that a bleached acceptor alters the donor emission and
thereby affects v, we compared the donor intensity measured
from a singly-labeled protein sample to donor intensity using
the same site on a doubly-labeled sample after the acceptor
was intentionally photobleached. Donor emission is affected
by acceptor photobleaching-intermediates at very small
fluorophore separations (30), but we found no affect at the
fluorophore separations used here (data not shown).

Examination of the shape of the diffraction-limited image
spot for molecules with outlying y-values showed deviation
from a symmetric two-dimensional Gaussian (data not
shown). In microscope images, +y-outliers commonly
localize to the image periphery (data not shown), consistent
with the finding for diffusing single molecules that vy
depends on the position in the focal spot (6). Focus and
channel mapping of the donor and acceptor images is less
effective at the image periphery (data not shown). The focal
plane differs for the donor and acceptor because of differ-
ences in wavelength. Adjustment of either of these factors
changes the measured intensity, affecting vy and FRET.
Because each recording requires new alignment and focus,
which is typically carried out manually, additional vy-vari-
ability may be introduced.

Therefore, the y-outliers may be due to artifactual differ-
ences in detection efficiency introduced during image re-
cording or processing. In agreement with this notion, it has
been noted that one can change the value of v by misaligning
the detectors when measuring diffusing single molecules
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(4,5). Empirical measurements of the terms composing y
cannot account for aberration this of kind. As a consequence
of the fact that v outliers are not representative of the popu-
lation, applying a y-cutoff as a means of selecting accepted
molecules could further affect peak width and shape.

SUPPORTING MATERIAL

Nine tables, four figures, and additional details about the methods are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(10)
00562-X.
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