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Fluorescence-aided molecule sorting: Analysis of
structure and interactions by alternating-laser
excitation of single molecules
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We use alternating-laser excitation to achieve fluorescence-aided
molecule sorting (FAMS) and enable simultaneous analysis of
biomolecular structure and interactions at the level of single
molecules. This was performed by labeling biomolecules with
fluorophores that serve as donor-acceptor pairs for Forster reso-
nance energy transfer, and by using alternating-laser excitation to
excite directly both donors and acceptors present in single diffus-
ing molecules. Emissions were reduced to the distance-dependent
ratio E, and a distance-independent, stoichiometry-based ratio S.
Histograms of E and S sorted species based on the conformation
and association status of each species. S was sensitive to the
stoichiometry and relative brightness of fluorophores in single
molecules, observables that can monitor oligomerization and local-
environment changes, respectively. FAMS permits equilibrium and
kinetic analysis of macromolecule-ligand interactions; this was
validated by measuring equilibrium and kinetic dissociation con-
stants for the interaction of Escherichia coli catabolite activator
protein with DNA. FAMS is a general platform for ratiometric
measurements that report on structure, dynamics, stoichiometries,
environment, and interactions of diffusing or immobilized mole-
cules, thus enabling detailed mechanistic studies and ultrasensitive
diagnostics.

single-molecule fluorescence spectroscopy | Férster resonance energy
transfer | biomolecular interactions | catabolite activator protein |
protein-DNA interactions

nderstanding biological mechanisms requires analysis of bio-

molecular structure and interactions, as well as monitoring of
their changes as a function of time. Presently, few methods are
robust enough to analyze structure and interactions simultaneously.
One of these methods is Forster resonance energy transfer (FRET),
a method based on the nonradiative transfer of excitation energy
from a donor (D) fluorophore to a complementary acceptor (A)
fluorophore (1). The FRET efficiency E is a sensitive function of
D-A distance R, because E = [1 + (R/R,)°] ' (where R, is a
constant that equals the D-A distance at £ = 50%), allowing use
of FRET as a “spectroscopic ruler” for the 1- to 10-nm scale.
Moreover, presence of intermolecular FRET allows detection and
analysis of molecular interactions.

Often, FRET analysis is complicated by heterogeneity (because
of free, unlabeled, inactive, or unsynchronized species) inherent in
ensembles of biomolecules containing several polypeptide chains
and/or nucleic acids. This is addressed in part by measuring FRET
at the level of single molecules (single-pair FRET or spFRET; refs.
2 and 3). Using single-laser excitation for spFRET on diffusing
molecules, the donor is excited directly during the transit of a
molecule through an observation volume defined by a focused laser
beam and confocal optics (green oval, Fig. 14). When an acceptor
is close to the donor, part of the donor-excitation energy is
transferred to the acceptor, which emits at wavelengths longer than
the donor. When plotted as a function of time, the emissions for
each fluorophore appear as “bursts” of fluorescence (green and red
curves in Fig. 14); ratios of the emissions report on D-A distance
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(3) (Fig. 14, al). spFRET has been used to study dynamics of
proteins, nucleic acids, and their complexes (4-6).

However, spFRET is not a general platform for quantitative
analysis of structure; it has mainly been used to identify distance
changes and their kinetics. This is due to the numerous correc-
tions required to measure accurate FRET efficiencies within
single molecules, and the presence of chemically or photophysi-
cally induced species that obscure FRET measurements when
R > 6-8 nm.

Moreover, spFRET is not a general platform for quantitative
analysis of molecular interactions. For example, for the interaction
MA + LP = MALP (where MA is an A-labeled macromolecule,
and LP is a D-labeled ligand), spFRET cannot quantitate accu-
rately the major species involved in the interaction. First, spFRET
yields a measurable signal only when D-A distances in the MALP
complex are sufficiently short (typically Rp-o < 6-8 nm) to
distinguish complexes from free LP species (Fig. 14; al vs. a3). This
proximity constraint is difficult to satisfy in all cases, especially for
large complexes or interacting proteins of unknown structure.
Second, inactive states of FRET acceptors result in MLP species
that exhibit D-only characteristics (3), leading to apparent increases
in the free LP species. Third, no M species are detected (Fig. 14,
a4), because direct A-excitation at the wavelength of D-excitation
is minimized to reduce crosstalk. Fourth, complexes with stoichio-
metries other than 1:1 (e.g., MA[LP],) cannot be identified by
spFRET.

The cumulative effect of such limitations, combined with com-
plications caused by substoichiometric labeling, fluorophore pho-
tophysics, photobleaching, and aggregation or dissociation phe-
nomena have prevented the full realization of the spFRET
potential.

Here, we introduce a single-molecule fluorescence spectroscopy
that serves as a general tool for monitoring structure and interac-
tions simultaneously. This is achieved by obtaining D-excitation and
A-excitation-based observables (Fig. 1) for each single molecule by
using an alternating-laser excitation (ALEX) scheme, during which
we switch rapidly between a D-excitation and an A-excitation laser
(Fig. 1C). This scheme recovers distinct emission signatures for all
diffusing species (Fig. 1) by calculating two fluorescence ratios: the
FRET efficiency E (3, 7, 8), which reports on D-A distance in the
MALP complex, and the distance-independent ratio S, which re-
ports on the D-A stoichiometry of all species. S provides important
information even in the absence of close proximity between flu-
orophores; it allows thermodynamic and kinetic analysis of inter-
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Fig.1. ALEXallowsdetection of D-excitation- and A-excitation-based emissions
for single diffusing molecules, enabling sorting. M, macromolecule; L, ligand. (A)
Emissions caused by D-excitation (green oval). Short D-A distances in MALP (a1)
result in high FRET, detected as coincident bursts of fluorescence with high
A-emission (red curve) and low D-emission (green curve). However, there is no
discrimination between low-FRET MALP (a2) and free LP (a3); free MA are unde-
tected (a4). (B) Emissions caused by A-excitation (red oval). Direct A-excitation
resultsin high A-emission when Aiis present (b1, b2, and b4). (C) ALEX microscopy.
EOM, electrooptical modulator; P, polarizer; DM, dichroic mirror; OBJ, objective;
PH, pinhole; F, filter; APD, avalanche photodiode. When EOM-polarizer combi-
nations are used, lasers yield an excitation alternating between 514-nm (Dexc) and
638-nm (Aexc) light (green and red hatched boxes) with period 7,it. The alternating
laser excites the sample, which emits fluorescence (orange line) collected in
D-emission (Dem) and A-emission (Aem) channels. (D) Probing D-excitation- and
A-excitation-based emissions for a diffusing molecule. A low-E D-A species
crosses the observation volume and, upon excitation, generates a fluorescence
burst. (E) When the 514-nm excitation is on, D-excitation-based D- and A-emis-
sions (green and red columns, respectively) are collected; when the 638-nm
excitation is on, A-excitation-based emissions are collected. (F) Summing the four
excitation/emission streams yields four emissions for a single burst, allowing
calculation of E and S, and enabling sorting.

actions, identification of interaction stoichiometry, and study of
local environment (as detected by changes in the fluorophore
brightness). Combination of E and S on 2D histograms (Fig. 24)
allows virtual sorting of single molecules (9); we define this analysis
as fluorescence-aided molecule sorting (FAMS), and we designate
its implementation using alternating-laser excitation as ALEX-
FAMS. ALEX-FAMS is a homogeneous, “mix-and-read” assay in
which interacting species are combined and optical readouts report
simultaneously on their association status and conformational
status. We demonstrate the capabilities of ALEX-FAMS by study-
ing fluorescent DNA fragments, and the interaction of Escherichia
coli catabolite activator protein (CAP) with DNA. ALEX offers a
general platform for generating excitation-based observables that
report on biomolecular structure and interactions, and because it
can monitor the kinetics of assembly/disassembly processes and
conformational transitions, it may allow real-time observations of
complete mechanisms at the level of single molecules.
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Fig. 2. Sorting single molecules using FAMS. (A) E-S histogram for D-only,
A-only, and D-A species with different Rp_a. E (or E) sorts species according to
FRET and Rp_a, reporting on structure; S sorts species according to D-A
stoichiometry, reporting on interactions. Sorting is also possible by using 1D E.
or S histograms (in blue; red line, sum of Gaussian fits; green line, individual
Gaussian fits). (B) D-only DNA. For all fragments, [DNA] = 50 pM; 7ait = 50 ps.
(C) A-only DNA. (D) High-E DNA. (E) Intermediate-E DNA. (F) Low-E DNA.

Materials and Methods

Principle of ALEX. ALEX is based on alternation between lasers (Fig.
1 C and D) at time scales >2-fold faster than the ~1-ms diffusion
time of a fluorescent molecule through a femtoliter detection
volume.

The first laser (Dexc) excites the donor directly, and can excite the
acceptor indirectly if Rp_a is within FRET range (Fig. 14). After
dividing the time axis into intervals i of durations matching the
alternation period 7, we deﬁne the background-corrected D-
excitation-based D-emission as fDC'“, and the D-excitation-based
A-emission as S:‘x‘l (Fig. 1D). A fluorescence burst (corresponding
to a single diffusing molecule) is defined as the sum of photons
emitted in a contiguous series of alternation periods, where i = i
toip + n — 1, and n is the number of periods in a single burst. The
D-excitation-based emissions during a single burst are

igtn—1
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These emissions report on the D-A distance for the burst-
generating molecule through the calculation of ratio E (FRET
efficiency) for a single burst

E = Fp2/(F52 + vFp™), [2]
where y = (¢pama)/(dpmp) is a detection correction factor that

depends on donor and acceptor quantum yields ¢p and ¢4, and
detection efficiencies np and ma of donor and acceptor emission
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channels; typically, 0.5 < y < 2. [Exact knowledge of vy is not
important for FAMS, but is important for accurate E and Rp_a
measurements (N.K.L., A.N.K., and S.W., unpublished data); for
most of this work, y ~ 1, allowing accurate E measurements.| Ratio
E (0=E = 1) assumes very low values for D-only species, low values
for D-A species with Rp_a > R,, and high values for D-A species
with Rp_a < R, (Fig. 14, al-a3). Because the acceptor is not
excited by D-excitation, discrete values of E for A-only species are
observed (Fig. 14, a4). Because E depends only on D-excitation-
based emissions, it is independent of the alternation period or duty
cycle. Moreover, E contains Rp_a information only for species with
active donors and acceptors.

The second laser (Aexc) excites the acceptor directly and does not
excite the donor, allowing the formulation of the ALEX-based ratio
S that reports on D-A stoichiometry. Similarly to D-excitation
based observables, we defrne the background-corrected A-excita-
tion- based D-emission as f ¢n, and the A-excitation-based A-emis-
sion as f acm. For single bursts we define the A-excitation-based
A-emission Fﬁtxc and the A-excitation-based D-emission FE‘": as:

ig+tn—1
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For a srngle burst, the modified sum of D excitation-based emis-

sions is defined as Fp_ = FAD:XmC + 7F em whereas the sum of

A-excitation-based emissions is F Ay F'P ™. We define § as

SZFDCXC/(FD + Fa,)- [4]

Use of § allows stoichiometry observations that are independent of
the diffusion path (as in the case of E). Modified ratios that are
related to S but emphasize specific aspects of stoichiometry can also
be formulated; this was done previously (10, 11) but in the absence
of FRET. § (0 = § = 1) assumes distinct values for all species in
mixtures of interacting components (Fig. 24). After adjusting the
excitation to obtain Fp ~ Fa__for a D-A species (Supporting Text,
which is published as supportlng information on the PNAS web
site), S for D-only species is high, ~1 (because Fa, = 0), and S for
A-only species is low, in the 0-0.2 range (because of low Fp_); S
for D-A species characterized by any Rp_a assumes intermediate
values, in the 0.3-0.8 range. The distance-independent nature of S
is caused by the distance-independent nature of Fp  and Fa
(through use of detection—correction factor vy; Supporting Text),
making S and E independent observables. S is sensitive to changes
in the brightness of the fluorophores in D-A species, an ability that
can probe changes in the local environment. Combination of E and
S in 2D histograms enables FAMS and quantitation of sorted
species (Fig. 24), while maintaining D-A distance information.

DNA, CAP, and CAP-DNA Complexes. DNA fragments were prepared
by using automated synthesis (12), labeled, and hybridized to form
D-only, A-only, and D-A samples (Supporting Text and Fig. 7, which
is published as supporting information on the PNAS web site).
[C17;S178]CAP was a gift from Richard Ebright (12). CAP was
site-specifically labeled with tetramethylrhodamine (TMR) on
Cys-17 (Supporting Text). Labeling efficiency was 45%, and DNA-
binding activity of CAPT™™R was 25%. To form CAP-DNA com-
plexes, DNA and CAP were incubated for 15-60 min at 25°C in
CAP-binding buffer (CBB; 20 mM Hepes-NaOH, pH 7/200 mM
NaCl/1 mM DTT/1 mM mercaptoethylamine/100 wng/ml
BSA/5% glycerol), with or without 0.2 mM cAMP.

Sample Preparation. DNA samples were diluted in SMF buffer (10
mM Hepes-NaOH, pH 7/500 mM NaCl/100 pg/ml BSA/1 mM
mercaptoethylamine /5% glycerol); CAP-DNA complexes were
diluted in CBB with or without cAMP. Final DNA concentra-
tions were 10-50 pM, resulting in a low probability (<0.5%) of
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simultaneous presence of two molecules in the detection volume

(=3 f1) (3).

Data Acquisition and Analysis. A single-molecule fluorescence setup
(3, 13) was modified to allow ALEX of diffusing species (Fig. 1C)
using 514-nm light from an Ar™* laser, and 638-nm light from a diode
laser; the alternation period was 25-3,000 us. Alternation was
achieved by using electrooptical modulators (EOM) combined with
polarizers. By rotating the polarization of each laser beam individ-
ually before directing it to the polarizer, the lasers were switched on
or off. Extinction ratios (ratios of laser intensities when a laser is on
or off) were >100:1 for each laser. The duty cycle for each laser was
38-49%; temporal crosstalk between excitations is eliminated by
allowing a 3-us interval between excitations (e.g., 47 us 514-nm
excitation, 3 us no excitation, 47 us 638-nm excitation, 3 us no
excitation). Before entering the objective, the beams were spatially
filtered through a single-mode fiber and circularly polarized by
using achromatic waveplates. The continuous-wave excitation in-
tensities were (3.3-16.7) X 10* W/cm? for 514-nm excitation (Dexc),
and (0.7-5.3) X 10* W/cm? for 638-nm excitation (Aexc).

For data analysis, photons detected at the donor or acceptor
emission channel (Fig. 1 D and E) were assigned to either donor or
acceptor ex01tat10n based on arrival time, generatlng emissions fﬁzxc,
D o, 1 Ao and f& A (Fig. 1E and Fig. 8, which is published as
supporting information on the PNAS web site). Signals caused by
A-emission into the D-emission channel, and background due to
scattering were negligible. Emissions were analyzed to identify
fluorescence bursts (3) (Supporting Text), recovering Fgexc, Doy
Fﬁ:m, and FX A, and allowing calculation of £ and § for each
molecule and construction of 2D E-S histograms (Fig. 24). In
specific cases, E was corrected for D-emission at the wavelength of
A-emission by using the E of D-only species (3); the corrected value
is referred to as E..

E distributions were unaffected by laser-alternation characteris-
tics such as the excitation-intensity ratio or alternation period Tay
(Figs. 94 and 10, which are published as supporting information on
the PNAS web site). On the other hand, S distributions depended
on the excitation-intensity ratios (Fig. 9B). Moreover, the width of
S distributions increased when 74); exceeded the diffusion time mp
for the species of interest (Fig. 10B). Hence, the working range of
Taie is defined by a lower 74 limit set by the EOM response time
(=2 ws), and a higher 7ay limit set by diffusion time mp (for our
setup, ~400 us for a 35-bp DNA fragment).

Results and Discussion

Sorting Species with Different D-A Stoichiometry and D-A Distance
Using FAMS. To test the ability of FAMS to monitor D-A stoichi-
ometry (and thus association status), we prepared DNA fragments
that served as D-only, A-only, and D-A species (Fig. 2). To test the
ability of FAMS to monitor D-A distance (and thus conforma-
tional status), we prepared three DNA fragments, each containing
both a donor (TMR) and an acceptor (Alexa 647, A647), separated
by 9, 19, or 29 bp and located on opposite phases of the DNA helix.
This scheme results in attachment-point distances R, of ~4, ~7,
or ~11 nm, corresponding to high-E, intermediate-E, and low-E
DNA (Figs. 2 and 7; Ro, TMrR—a647 ~0.4 nm for samples examined
(12). To evaluate the accuracy of the extracted D-A distances, we
used a corrected expression of E (E.; Materials and Methods).
The E.-S histogram for D-only and A-only samples revealed
single species with the expected E. and S; low E. and high S for
D-only DNA (Fig. 2B and Table 1), and high E. and low S for
A-only DNA (Fig. 2C and Table 1). In contrast, the E.-S histogram
for high-E DNA (Fig. 2D) revealed a major species with hlgh E.
(because Rp_a < R,) and intermediate S (because FA o A~ FD::)
along with few D-only species (because of excess bottom strand
used for hybridization, and to inactive acceptor; ref. 3), and very few
A-only species. The 1D E. histogram fits to a Gaussian distribution,
with £, = 090 * 0.07 (which reflects the mean = standard
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Table 1. E and S results for the main species of Fig. 2, along
with comparison of measured interprobe distances Rp.a with
distances between points of attachment R

Ec/ S/ RD—A: Ratt:
mean = 10 mean * 1o nm nm
D-only —0.02 £ 0.07 1.01 = 0.02
A-only 0.94 + 0.16 0.08 + 0.04
D-A, high FRET 0.90 + 0.07 0.53 £ 0.10 4.4 3.6
D-A, intermediate FRET 0.40 = 0.14 0.53 +£0.12 6.9 7.0
D-A, low FRET 0.12 £ 0.12 0.51 = 0.10 9.0 10.5

deviation o, and not the error of the mean; the error of the mean
is AE ~ 0.01) corresponding to Rp_a ~ 4.4 nm, and consistent with
Ra ~ 4 nm. The 1D S histogram also fits to a Gaussian distribution
(S = 0.53 = 0.10). Similarly to E, part of the S width is statistical
(“shot-noise™), because S is a ratio of fluorescence intensities with
low photon counts. Moreover, because S is a ratio of three emissions
(vs. two emissions for E), the relative contribution of statistical
noise to the overall width is expected to be larger than for E. As in
the case of E, other undefined factors contribute to the width of the
distribution (3, 5).

Increasing D-A separation to 19 bp (Fig. 2E) decreases E, for the
D-A species, but leaves S unchanged (Table 1), showing that S and
E, are independent; E. was consistent with the expected R,y of ~7
nm. Increasing D-A separation to 29 bp (Fig. 2F) further decreases
E, for the D-A species, but does not affect S (Table 1). The
recovered E. value corresponds to a distance slightly shorter than
expected for Rux ~11 nm; the difference is mainly caused by
absence of a correction for A-emission due to direct A-excitation
(AE, of 0.05-0.10), which becomes significant at Rp_4 => R,,. This
correction can be made by using the A-only species as an internal
control, thus defining a general way for subtracting non-FRET
contributions from the Fé;mc signal (refs. 1 and 14 and N.K.L.,
AN.K., and S.W., unpublished data). Overall, increasing Rp-a
decreases E. but leaves S unchanged; moreover, E values yield
distance constraints consistent with B-DNA structure (3).

Sorting and selecting species (e.g., D-A species; in rectangles of
Fig. 2 D-F) allows removal of D-only species that contaminate
spFRET studies to variable degrees (3). In cases of fast dissociation
of complexes of interest or low activity of interacting components,
D-only species comprise > 90% of the detected species, thwarting
any spFRET analysis; this problem is more acute for D-A species
with Rp_a >> R,. Removing D-only species allows observation of
D-A species with low E, increasing both the dynamic range and
accuracy of the distances constraints. Moreover, because even D-A
species with £ = 0 are identified as “bound,” no proximity is
required to identify interactions by FAMS.

Quantitative Analysis of Mixtures. To show that FAMS can analyze
quantitatively mixtures of species with comparable diffusion times,
we examined mixtures of low-E and high-E DNA (Fig. 3 A-C).
FAMS of the 1:1 mixture sorted the D-A species of the DNA
components along the E axis (Fig. 34), yielding concentrations and
E distributions for the mixture components that were within 5% of
the concentrations and distributions obtained for the pure compo-
nents. Similar results were obtained for 1:2 and 2:1 low-E /high-E
DNA mixtures (Fig. 3 B and C), validating the quantitative nature
of FAMS, which is further supported by the linear relation of
number-of-bursts and analyte concentration for the 0-300 pM
range (Fig. 11, which is published as supporting information on the
PNAS web site).

FAMS Can Detect Dimerization. Oligomerization is a common mod-
ulator of protein function. Because § is sensitive to the ratio of
donors/acceptors per molecule [e.g., for species D,-A, D-A, and
D-Az, Sp2-a) > Sd-a) > Sp-a2)], it can be used for monitoring
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Fig. 3. FAMS can analyze mixtures of samples with different £ or D-A
stoichiometry. Black lines, sum of Gaussian fits; gray lines, individual Gaussian
fits; dashed lines, means of individual Gaussian fits. (A-C) E histograms for
mixtures of samples with different E. Histograms are for D-A species sorted
from E-S histograms (using 0.3 < S < 0.8). Analysis of 1:1 (A), 1:2 (B), and 2:1
(C) mixtures of low-E/high-E DNA yields ratios of 100:97, 100:206, and 100:54
for low-E/high-E species, respectively. (D-F) S histograms for D-A species with
different D-A stoichiometries. (D) D-A species. (E) D,-A species. (F) 1:1 mixture
of D-A:D;-A species.

oligomerization. We thus compared a DNA carrying one donor
(Alexa 532, A532) and one acceptor (Alexa 647), with a DNA
carrying two donors and one acceptor. The E-S histograms for the
two DNA fragments were distinct (Fig. 12 4 and B, which is
published as supporting information on the PNAS web site), mainly
along S (Fig. 3 D and E); as expected, S(p2.a) > Sp-a) (0.53 = 0.08
vs. 0.40 = 0.07). Analysis of a 1:1 mixture of D»-A and D-A yielded
an E-S histogram (Fig. 12C) having a single D-A peak with a wider
S distribution (0.46 *+ 0.11; Fig. 3F), consistent with two species with
closely spaced § distributions. Using a double fixed-Gaussian fit
(with individual distributions described by using means and stan-
dard deviations of pure Dy-A and D-A), we recovered a D-A/
D,-A ratio of 0.9:1. Modified stoichiometry ratios, such as Smod =
Fp,_ /Fa,, (similar to ref. 11) increases the resolution between the
D-A species of interest. Hence, FAMS of the monomeric and
dimeric forms of a dimerizing system can extract the ratio of D-A
and D»-A species as a function of the concentration of D-labeled
molecule, and yield dimerization constants; this can be performed
either in the absence or presence of FRET, something not possible
with spFRET.

FAMS Can Sense Fluorophore Brightness. The brightness of a fluoro-
phore is the average emission rate per molecule, and it is a function
of the efficiency of excitation and emission processes (13). S is
sensitive to the relative brightness of the fluorophores in D-A
species; such a property might be useful for monitoring changes in
the local environment of the fluorophores. For example, if a
conformational change alters the local environment of a FRET
donor leading to quenching (translating to lower Fp_ in Eq. 4), it
leads to a decrease in S. This signal is independent of FRET; in fact,
it allows corrections that differentiate £ changes caused by distance
changes from E changes caused by changes in the characteristic
distance R, for the given D-A pair, something that cannot be easily
performed by spFRET.

To demonstrate that FAMS can sense relative brightness, we
prepared two DNA fragments, each with a different donor
(TMR or Alexa532) but with an identical acceptor (Alexa 647),
and identical D-A distance (Fig. 4). Because of its spectral
properties, Alexa532 is brighter than TMR for the selected
combination of excitation and emission wavelengths (mainly
because of larger extinction coefficient at the excitation wave-
length); however, TMR transfers energy more efficiently to the
acceptor (because Ro,as32-> A647 < Ro,TMR— A647)- Indeed, use of
TMR results in D-A species with the highest E and lowest S (Fig.
44; E ~ 0.45, S ~ 0.35). Switching donor to Alexa 532 (Fig. 4B)
decreases E, increases S, and decreases both £ and S widths
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Fig. 4.
species with different donor but identical acceptor; D-A species were selected
as described in Supporting Text. (A) DNATMR/AG47 (B) DNAAS3ZAGAT, hoth E and
Schange. (C) A 1:1 mixture of DNATMR/A647 and DNAA32/A847; fitting along E or
S recovers concentration ratios within 10% of the predicted 1:1 ratio.

FAMS is sensitive to fluorophore brightness. E-S histograms for D-A

(because of lower statistical noise). Fitting the £ or § histogram
for a 1:1 mixture of DNATMR/AG7 with DNAAYZA04T (Fig, 4C)
recovers concentrations within 10% of the concentrations obtained
for individual DNAs. The ability to sense fluorophore brightness
turns FAMS into the single-molecule counterpart of popular
ensemble—fluorescence assays that monitor protein conformational
changes through changes in the brightness of environmentally
sensitive probes (such as tryptophan and dansyl).

Macromolecule-Ligand Interactions. Because FAMS identifies D-
only, A-only, and D-A species, it is suitable for analysis of inter-
actions. D-only and A-only species represent free interactants, and
D-A represents a complex (Fig. 54); equilibrium binding and
kinetic rate constants can be measured by simply counting mole-
cules of the three major species. For a macromolecule-ligand
interaction with equilibrium dissociation constant Ky, the fraction
of bound macromolecules (fractional occupancy 6) at ligand
concentration [L] is 6 = [ML]/(IML] + [M]) = [L]/([L] + Ka)
(Langmuir-Hill equation, ref. 15). For macromolecule M* and
ligand LP (Fig. 54):

0=[D —A]/([D — A] + [A-only])
= [D-only]/([D-only] + K,) [5]

0 is extracted reliably from E-S histograms (Supporting Text).
Measuring 6 at several ligand concentrations [LP] allows calculation
of Kg; 6 can also be monitored as a function of time to evaluate
association/dissociation kinetics. FAMS-based interaction analysis
is unaffected by small diffusion-time differences between MALP
and M*, larger differences might change the probability of detect-
ing MALP vs. MA, which can be accounted for by examining
standards of pure MALP and MA.

Application of FAMS to Protein-DNA Interactions. We studied the
sequence-specific interaction of E. coli CAP (16) with DNA as a
model for protein—nucleic acid interactions. The diffusion time of
CAP-DNA (570 ps) is comparable to that of free DNA (540 us),
allowing FAMS without detection-probability corrections. Specif-
ically, we monitored the interaction of D-labeled CAP (as “ligand”
CAPP; Fig. 5E) with its consensus A-labeled DNA site (as “mac-
romolecule” DNAA), with or without allosteric effector cAMP.
With 0.2 mM cAMP, CAPP-DNA# complexes were detected as
D-A species (6 ~ 0.50, Fig. 5C; compare with DNAA in Fig. 5B).
CAPP-DNAA complexes appeared as a wide and heterogeneous E
distribution, with a main peak (65% of all D-A species) at £ ~ 0.63,
asecond peak (25%) at E ~ 0.37, and a shoulder (10%) at E ~ 0.84.
High E values were consistent with a 60—100° overall DNA bend
toward CAP (12, 17), whereas the heterogeneity, apart from
reflecting the two possible D-labeling sites on CAP (Fig. 5E), might
reflect heterogeneity caused by slow interconversion (slower than
diffusion) between complexes with different magnitude of DNA
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Fig. 5. Analysis of protein—-DNA interactions using FAMS. (A) Analysis of
interactions using FAMS. By using a labeled macromolecule (M”; A-only
species) and a labeled ligand (LP; D-only species), we can monitor the forma-
tion of macromolecule-ligand complexes (MALP; D-A species) on the E-S
histogram by monitoring fractional occupancy #at a ligand concentration [LP].
Monitoring 6 extracts equilibrium constants from histograms constructed at a
single or multiple [LP], and kinetic constants from histograms constructed at
multiple time points. (B) E-S histogram of A-containing species for 50 pM
DNAA®47_(C) E-S histogram of A-containing species for 50 pM DNAA47, 200 pM
CAP™R and 0.2 mM cAMP. (D) E-S histogram of A-containing species for 50
pM DNAA847 and 200 pM CAP™R (no cAMP). (E) Model of CAP-DNA complex
and labeling scheme. The acceptor (A647, in red) was placed on DNA, and the
donor (TMR) was placed on two possible sites on CAP (green arrows); because
labeling efficiency was kept low, most D-A species have a single donor. (F)
FAMS-based titration of DNA with CAP in the presence (filled circles) or
absence of cCAMP (open circles). With cAMP, CAP binds DNA with high affinity
(Kq ~32 pM); without cAMP, CAP binds DNA weakly (K4 > 5 nM). (G) Kinetics
of CAP-DNA dissociation, reflecting distinct rates of dissociation.

bending. CAPP-DNA# complexes also showed a wide, slightly
asymmetric S distribution (0.50 * 0.15), possibly because of the
small fraction of CAPP with two donors (a D,-A species, with §
larger than for D-A species). Without cAMP, few complexes were
formed (6 ~ 0.03; Fig. 5D).

To assess equilibrium binding for the CAP-DNA interaction, we
titrated 10 pM DNAA with 0-300 pM active CAPP, identified
A-containing species, and calculated 6 for each [CAPP] (Fig. 5 A
and F). With cAMP, the dependence of 6 to [CAPP] resembles a
rectangular hyperbola (Eq. 5 with [D-only] = [CAPP]); upon
fitting, Kg =~ 32 *= 3 pM, in good agreement with filter-binding-
based values (24 = 2 pM,; ref. 18). Without cAMP, CAP binds to
DNA >150-fold weaker (Kq > 5 nM).
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The fitted K4 for the CAP-DNA interaction (with cAMP) was
expected to be slightly higher (=20%) than the actual Ky, because
we did not meet the requirement of [DNAA] << Ky, which ensures
that [free CAPP] ~ [total CAPP] (15). However, [free CAPP] can
be determined directly from E-S histograms (Fig. 54). Using the
200-pM CAPP titration point as a standard to obtain the number
of D-only bursts for 200 pM CAPP, and the linearity between
number of bursts and concentration (Fig. 11), we find [free CAPP]
~ 22 pM at 50% saturation (and therefore, Kq ~ 22 pM). The ability
to measure [free LP] allows probing of tight interactions (where it
is difficult to satisfy [M”] << K4), and can account for inaccuracies
caused by errors common when working with small volumes of
liquids (e.g., losses on surfaces, pipetting errors).

When interactions involve single binding sites, and 6 at saturation
(Bsar) is 1 or can be calculated (as in here, where labeling efficiency
and ligand binding activities are known), we can combine a single
histogram with Eq. 5 to calculate Ky for [LP] in the range of
(0.1-0.9) X Kg4. The error is minimal when [LP] < Ky (at 6/ 64, of
0.2, a 10% error in /6, corresponds to 11% error in Ky), and
increases at high 6/6s: (at 6/6s of 0.8, a 10% error in 6/ 6y
corresponds to 50% error in Kg4). Therefore, depending on the
accuracy of 6/6sy, a 2D histogram at a single [LP] can yield an
approximate Kg, or place it within limits.

We also monitored dissociation kinetics of CAPP-DNAA by
forming the complex, diluting it in 50-fold molar excess unlabeled
CAP (to sequester DNAA formed because of dissociation), and
observing the kinetics of 6 decrease (Fig. 5G). If 6 decrease is fitted
as single exponential decay, dissociation rate constant kg ~ (1.1 =
0.2) X 10~*s7!, in agreement with gel-based assay values (ref. 19;
ka =~ 1.2 X 107* s~ ). However, the 0 decrease is clearly biexpo-
nential, with a fast (kg1 ~ [1.2 = 0.8] X 1073 s~!) and a slow phase
(kaz ~ [0.7 £ 0.1] X 10~*s~1). This behavior has not been reported
for CAP-DNA, but it has been reported for other protein-DNA
complexes; it reflects an equilibrium between stable and unstable
complexes, with stable complexes converting slowly to the unstable
complexes, which dissociate (20, 21). It is possible that the small
number of time points and partial dissociation of CAP-DNA
during electrophoresis prevented observation of the fast phase by
gel-based assays. FAMS can also monitor association kinetics, by
fast mixing of low concentrations of CAP and DNA, and moni-
toring of the kinetics of 6 increase.

Conclusion and Outlook

Using DNA fragments and a protein-DNA interaction, we showed
that sorting of single molecules by using ALEX is an ultrasensitive
method for simultaneous analysis of structure and interactions
without separation steps; the interaction study also confirmed the
quantitative nature of FAMS. FAMS can be readily used to study
numerous biological processes that include simultaneous or sequen-
tial changes in distance and/or stoichiometry (Fig. 6), such as
binding events that are followed by conformational changes (Fig.
6A), translocation events on linear tracks that culminate in disso-
ciation of one of the components (Fig. 6B), assembly (or disassem-
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bly) pathways for large multicomponent complexes (Fig. 6C), and
template-directed oligomerization on a nucleating template (Fig.
6D). It is important to note that analysis of such typical processes
is either very complicated or impossible to perform with spFRET.

In a separate work, we have used FAMS to study the release of
initiation factor o’ from transcription complexes (A.N.K,, R.
Ebright, and S.W., unpublished data), to perform accurate FRET
measurements on single-molecules (N.K.L., ANK,, and S.W.,,
unpublished data), and to study the kinetics and mechanism of
abortive initiation of transcription. We have also used ALEX to
study immobilized complexes (detected by using either confocal or
total-internal-reflection microscopy) and deconvolve fluorophore
photophysics from E measurements, thus permitting analysis of
conformational dynamics.

Finally, valuable extensions of FAMS include expansion of the
working concentration range to monitor low-affinity interactions
[using excitation-volume confinement (22, 23), or nonfluorescent
analytes that modulate interactions between fluorescent partners],
use of additional excitations and fluorophores to monitor complex
stoichiometries and multiple distances simultaneously, and combi-
nations with fluorescence correlation spectroscopy or physical
sorting (9).
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Supporting Text

Balancing Donor (D)- and Acceptor (A)-Excitation-Based Emissions

Because S depends on the ratio of excitation intensities, it is useful to establish a ratio of excitation intensities
that maximizes the S difference between the species to be sorted. Therefore, if D-only, A-only, and D-A
species are to be resolved, optimal resolution is achieved when S of D-A species is ~0.5. This is achieved by

keeping the excitation intensity of one laser (e.g., the A-excitation laser) constant, while the excitation of the

second laser (e.g., the D-excitation laser) is adjusted to get Sp.A~0.5, translating to F, Dowe = F e for a D-A

species. Exact balancing is not important for sorting analysis, and it does not affect £ measurements.

Derivation of S Independence from E

Upon D-excitation with excitation intensity / Do AL @ wavelength where the donor has extinction

coefficient Ep. the following fluorescence emissions are collected for a single burst:
c

FDem = ]Dm- ED@“‘ ¢D770 (l - E) and FDA;;Z = ]D@,u ngxu ¢A77AE (Sl)

DCXC

Using F, Doe = F ,54;’:1 +7F, DDe ", and the definition of detection-correction factor y = (¢,n,)/(4,n,), which

depends on the donor and acceptor quantum yields ¢, and¢,, and the detection efficiencies 77,,, and 77, of

donor and acceptor emission channels, we obtain:

Fppe =1, 0, P4ll4 (S2)

demonstrating that F, Dore is E-independent; because S is an expression of E-independent F) Dore and F Ao ? it is

also independent of £, as well as of Rp_,.

The method for determining the detection-correction factor y uses 2D histograms of a modified ratio S (with

exc

y = 1), and a modified proximity ratio Ep.x (Where Epox = FgRET / (F DiljfT +F[§Z ;’:), and FiifT is the
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fraction of F) ,52”;’ due solely to Forster resonance energy transfer, FRET). The dependence of Ex and S,

allows the extraction of y from a series of two or more D-A constructs with different Rp.a. The detailed
method will be presented elsewhere (N.K.L., A.N.K., X. Michalet, J. Mukhophadyay, R. Ebright, and S.W.,

unpublished data).

DNA Fragments

Oligonucleotide DNA fragments were prepared by automated solid-phase synthesis on an ABI 392
DNA/RNA synthesizer (1), labeled by using amine-reactive conjugates of fluorophores, and hybridized to
form D-only, A-only, and D-A dsDNA samples (Fig. 7). Top-strand sequence was 5’-
TTCTTCACAAACCAGTCCAAACTATCACAAACTTA-3’, with amino-modifier C6 dT (Glen Research,
Sterling, VA) at position 1 of the top strand, and at positions 10, 20, or 30 of the bottom strand. DNA
fragments were HPLC-purified, labeled with N-hydroxy-succinimidyl esters of Alexa647 (Aexciem.max
~647/670 nm), Alexa 532 (Aexcemmax ~327/550 nm), and carboxytetramethylrhodamine (TMR; Acxc/emmax
~547/570 nm) (Molecular Probes) using manufacturer instructions, and HPLC-purified. Double-stranded
DNA was formed by hybridization of top and bottom strands in 40 mM Tris'HCI pH 8/500 mM NaCl/1 mM
EDTA using 50% molar excess of D-labeled bottom strand to ensure complete hybridization of A-labeled
strands. The DNA fragment used for the analysis of CAP-DNA interaction is based on the sequence of
ICAP52 """ (2), with a substitution of —7A with amino-modifier C6 dT; top-strand DNA was labeled with
Alexa 647-NHS ester, HPLC-purified, and hybridized with a 10-fold molar excess of unlabeled bottom

strand. All sequences and labeling sites are shown in Fig. 7.

Catabolite Activator Protein (CAP) and CAP-DNA Complexes

[Cysl7; Ser178]CAP was a gift from Richard Ebright (1). CAP was site-specifically labeled with TMR on
surface-exposed Cys residue 17. Reaction mixtures (100 ul) for site-specific incorporation of TMR at residue
17 of CAP contained, 8.6 uM [Cys17; Ser178]CAP dimer, 43 pM TMR-maleimide (Molecular Probes), 40

mM HEPES-NaOH pH 7, 200 mM KCI, 1 mM EDTA, 0.1 mM TCEP (Molecular Probes), and 0.2 mM
2
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cAMP. Reactions proceeded for 4 hrs at 25°C, and were quenched with 10 mM dithiothreitol (DTT) and
incubation for 10 min at 25°C. Products were purified by chromatography on Biorex-70 (Bio-Rad, Hercules,
CA); CAP™® was eluted in 40 mM Tris-HCI, pH 8/400 mM KCIl/1 mM EDTA/5% glycerol, and stored at —
20°C. The labeling efficiency was 45%. Using electrophoretic-mobility shift assays, the DNA-binding
activity of CAP™" was found to be 25%, identical to the activity of unlabeled [Cys17; Ser178]CAP. To form
CAP-DNA complexes, 5 nM DNA and 20 nM CAP derivative were incubated for 15-60 min at 25°C in CAP
binding buffer [CBB, 20 mM HEPES-NaOH pH 7/ 200 mM NaCl/ 1 mM DTT/ 1 mM mercaptoethylamine

[MEA], 100 ng/ml BSA/ 5% glycerol) with or without 0.2 mM cAMP.

Single-Molecule Fluorescence Spectroscopy: Data Acquisition and Analysis

A custom laser-scanning confocal fluorescence microscope used for single-molecule measurements (2) was
modified to allow alternating laser excitation of diffusing species (Fig. 1C). Data acquisition was controlled
through LabVIEW software (National Instruments, Austin, TX). The alternating excitation sources were the
514-nm light from an Ar" laser (500 mW; 543-A-A02, Melles-Griot, Carlsbad, CA), and the 638-nm light
from a diode laser (25 mW; Red flame, Coherent, Santa Clara, CA). The alternation period was 25-3000 us,
and the excitation duty cycle was 38-49% (a constant interval of 3 us was kept between the two excitations to
avoid any temporal overlap of excitation). Alternation was achieved by using a combination of polarizers
with electrooptical modulators (EOM; Conoptics, Danbury, CT) controlled through LABVIEW-generated
voltage square-waves (board PCI-6713). By rotating the polarization of each laser individually before
directing it to the polarizer, the lasers were switched on or off; extinction ratios (ratios of laser intensities
when a laser is on or off, respectively) were >100:1 for each laser. The excitation beams were spatially
filtered through a single-mode fiber (to ensure a diffraction-limited beam profile at the focus) and were
circularly polarized using achromatic wave plates. The light from the fiber was collimated, directed to the
side port of an Axiovert SIO0TV inverted microscope (Zeiss), reflected on a dichroic beamsplitter
(XF2056TBDR, Chroma, Brattleboro, VT; reflects wavelength ranges of 500-525 and 605-650 nm), and

focused 20 pm from the bottom coverslip through an oil-immersion objective (x100, 1.3 numerical aperture,
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Plan-Apochromat, Zeiss). Fluorescence was collected through the objective and the dichroic, focused in a
100 um pinhole, and collimated. A beamsplitter (DRLP630, Chroma) separated photons into two emission
streams that passed through filters (for Alexa 532 and TMR, 585BP70; for Alexa 647, 650LP; from
Chroma), and their photon arrival times were recorded using silicon avalanche photodiode detectors (APD;
SPCM AQR-14, EG&G, Perkin-Elmer) that were connected to a counting board (PCI-6602, National
Instruments). Dual-color fluorescence cross-correlation spectroscopic analysis on DNA labeled with both
donor and acceptor, but at distances beyond FRET range confirmed the coincidence of the focused excitation
beams (not shown). The continuous-wave (CW) excitation intensities were (3.3-16.7) x 10* W/cm? for 514-
nm excitation, and (0.7-5.3) x 10* W/cm® for 638-nm excitation, below the intensities where triplet-state
saturation or photobleaching of the fluorophores become significant (>2 x 10° W/cm?). Data were collected

for 2-20 min, depending on sample and concentration.

For data analysis, photons detected at the donor or acceptor channel (Fig. 1 D and FE) were assigned to either

the donor or acceptor excitation according to their arrival time, and generated emissions

f DAf’” . f DD) e A’:i’;’ and f A[:Z" (Figs. 1E and 8). Emissions were analyzed to identify fluorescence bursts (3),

exc exc

using Z(fD[:i'c” + f]ie:; + fA’:‘f: )thresholds of 10-15 photons per 500 ps, and of 20-40 photons per burst. To

identify A-containing species, thresholds of f Aj;’f >9-15 photons per 500 us and 15-80 photons per burst

. . .. A D, Ap, D . .
were used. Identification of a burst recovers emissions F; D;’Z ,F Dei’: ,F Ae;”’ and Ae;”" , allowing calculation
C

of E and S for each molecule and construction of 2D E-S histograms (Fig. 24). To identify only D-A species,

A-containing species were identified as above, and A-only species were removed by using a threshold of

Ffem>5,

exc

In specific cases, £ was corrected for D-emission at the wavelength of A-emission using the £ of D-only

species (3); the corrected value is referred to as E., and it is calculated by using:
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p— Aem Dem Aem Dem Dem
E - (FDaxc _IFDexc )/ (FDexc _IFDexc +7/ FDexc ) (S3)
where [ is a constant (~0.08) that equals the ratio £ L;t'g / F li i’:“ for D-only species found in the examined

DNA sample. This correction is useful for accurate £ measurements, but it is not needed for fluorescence-

aided molecule sorting (FAMS).

The number of bursts scaled linearly with fluorophore concentration in the range of 0-300 pM (Fig. 11).

Subpopulation analysis was performed using Gaussian fitting on each axis or thresholding.

Measuring Fractional Occupancy 8 from E-S Histograms

Acceptor-containing species (D-A and A-only) are easily identified by analyzing emission channel fA’jZ’ ,

where buffer impurities and scattering are minimal. Moreover, for D-A pairs with far-red acceptors (such as
Cy5 and Alexa 647), A-only species resulting from inactive donors (D%*-A species) are rare, and much less
frequent than D-only species resulting from inactive acceptors (D-A%* species). [Note that this behavior
results from the fact that typical acceptors used for single-molecule FRET experiments are far-red cyanine
fluorophores (such as Cy5) that carry extended conjugated chains connecting fused aromatic rings. Due to
oxidation reactions and/or cis-frans isomerization, far-red fluorophores easily photobleach or form “dark”
isomers or derivatives, giving rise to D-only species. Typical donors such as TMR or most of Alexa
fluorophores (Molecular Probes) absorbing at the 400-600 nm range do not have the “sensitive” extended
conjugated chain of the far-red dyes, and thus do not give rise to a large A-only peak. There are published
cases where the D-only peak was not present, e.g., for the Alexa488-Alexa594 FRET pair used for (Pro)s in
ref. 2. However, fluorophore behavior in terms of D-only species is often unpredictable; using the Alexa488-
Alexa594 pair for a (Pro)y sample in ref. 2 resulted in a substantial fraction of D-only species (~30% of all
species).] These features are not available to single-pair FRET, which does not detect A-only species;

moreover, no proximity is required for identifying interactions by FAMS.
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Fig. 8. Time trajectories of emission streams £, Lf) L, f AD"f" , f ; “,and f AA"”f generated by fluorescence-aided
molecule sorting for high-£ DNA. Star and caret denote D-only and D-A species, respectively. A D-only

species (e.g., burst in green rectangle) is characterized by high f, Lf) " emission and low f AD"”" , f ; ", and

Ao e . . . . . . Ao

f 4, emissions. A high-£ D-A species (e.g., burst in red rectangle) is characterized by high f, D and
A o D, Do o . . .

f 4 emissions, and low /i p, and f 4 emissions. In single-pair Férster resonance energy transfer

(spFRET) experiments, only two photon streams ( £, [f “and f, DA " ) would be generated.

c
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Fig. 9. Influence of excitation-intensity ratio / D.. 0/ A, O1L the £-S histogram of low-E DNA. Gaussian fits:
black curve. Decreasing excitation-intensity ratios / D, : 4y, from 12:1 to 3:1 did not change the £

distribution of D-A species, but caused marked changes in the S distribution, due to increased F’ e -
Changing excitation duty cycle produced equivalent results (not shown). (4) Influence of excitation-intensity
ratio [ Do, o/ 4, O1 the E histograms for the D-A species. For all excitation-intensity ratios, £~0.24 + 0.14.
(B) Influence of excitation-intensity ratio / D, * 1 Ay, O the S histograms for D-A species. The S for the D-A

species is 0.71 = 0.09 for the 12:1 ratio, 0.55 & 0.10 for the 6:1 ratio, and 0.40 £ 0.09 for the 3:1 ratio.
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(Intermediate-E DNA) 3 - AAGAAGTGTTTGGTCAGGTTTGATAGTGTTTGAAT-5 '
: D

dsALEX35D-30B/ A, 1T 5' -TTCTTCACAAACCAGTCCAAACTATCACAAACTTA-3 "

(Low-E DNA) 3 ' - AAGAAGTGTTTGGTCAGGTTTGATAGTGTTTGAAT -5 '
‘ D

B

ICAP52A. -7 5'-GCAGCGATCGCAATIAAATGTGAT C‘1;AGATC‘ACA'1"I‘T TAGGCACCCAGGCC-
3'-CGTCGCTAGCGTTATTTACACTACATCTAGTGTAANATCCGTGGGTCCGG-
-10 -5 -1
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