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ABSTRACT

Single-molecule fluorescence methods, in particsilagle-molecule fluorescence resonance energy
transfer (FRET), have provided novel insights abstiticture, interactions, and dynamics of
biological systems. Alternating-laser excitatiorL&X) spectroscopy is a new method that extends
single molecule FRET by providing simultaneous iinfation about structure and stoichiometry —
new information that allows detection of interansoin the absence of FRET and extends the
dynamic range of distance measurements acceshitdegh FRET. We discuss combinations of
ALEX with confocal microscopy for studying in-solom and in-gel molecules; we also discuss
combining ALEX with total-internal reflection fluescence for studying surface-immobilized
molecules. We also highlight applications of ALEX the study of protein—nucleic acid
interactions.
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ALEX = Alternating-Laser EXcitation

3c-ALEX = 3-colour ALEX
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D-only = Donor-only

A-only = Acceptor-only

D-A = Donor-Acceptor



I ntroduction

The past 15 years in biochemistry and biophysiage Heeen marked by the rising popularity of
single-molecule methods as versatile, sensitive diwdct methods for studying structure,
interactions, and dynamics [1-8]. Single-molecuhethods are still technically demanding;
however, when implemented successfully, they uncmfermation usually hidden in conventional
ensemble measurements. For example, single-molewtleods yield distributions of an observable
(e.g., proximity of two DNA sites within a transtesomplex or dwell times at a certain state during
a pathway), not just the average, thus uncoveraigrbgeneity of static or dynamic nature usually
inaccessible to ensemble methods. Single-moleceldads also provide real-time trajectories of
reactions performed by individual molecules, thbseawving directly the presence and lifetime of
intermediates without the need to synchronize ¢agtion in question. Here, we discuss alternating-
laser excitation (ALEX) spectroscopy, a new singlelecule fluorescence method that interrogates
structure and interactions within protein—nuclaidacomplexes.

ALEX is a method that builds on single-molecule mgaments of fluorescence resonance energy
transfer (FRET). FRET is a photophysical interatti@a non-radiative transfer of excited-state
energy between two fluorescent probes) that repontsthe proximity of two sites within a
biomolecule or a complex of biomolecules. The twessare usually modified by two different
probes that act as the FRET donor and acceptor. tBues sensitivity to the donor—acceptor
distance, FRET has been used as a “spectroscdpit for measuring distances within the 2-10
nm range [9]. FRET between a single pair of flubraes was first demonstrated in 1996 [10].
Since then, single-molecule FRET has been devel@yider and applied to many biomolecular
systems and interactions, with particular succesgxploring protein—nucleic acid interactions,
protein folding and dynamics, and nucleic acid ifogdand dynamics [1-5, 11-26].

Single-molecule FRET experiments in solution typicaemploy dilute solutions of labelled
biomolecules [27]. When a labelled biomolecule wiffs through a femtoliter-sized observation
volume formed by a focused laser beam, the laggt lexcites the donor fluorophore. If the
acceptor is within a distance that allows FRET ¢ous, the donor transfers energy to the acceptor
and causes the acceptor to emit fluorescence; digiitted from the donor and the acceptor is then
detected on separate detectors. The apparent FRE€rey for a single molecule is given as the
ratio of the number of photons detected on themocehannel (i.e., photons emitted mainly due to
FRET) over the total nhumber of detected photonsis Thformation is summarized in one-
dimensional FRET histograms (Figure 1A) that reparbiomolecular structure.

Often, single-molecule FRET is limited by its liedt dynamic range for distance measurements and
by complex photophysics of the fluorophores useat. iRstance, it is difficult to differentiate
between low FRET species (with donor—acceptor nigtdonger than 6—8 nm) and species that
contain only donor (D-only species, arising duefree components or photo-destruction of the
acceptor; Figure 1A [27]). Moreover, complexes wativichiometries other than 1:1 cannot be
identified easily using single-molecule FRET. Thdsmitations are more pronounced when
working with single diffusing molecules.

Concept of ALEX spectroscopy

ALEX spectroscopy [28, 29] extends single-moledtlRET by providing direct information on the
presence and state of both donor and acceptoofhores. This information is summarized in two-
dimensional histograms of FRET and relative flubrae stoichiometry (Figure 1B), which report
on biomolecular structure and stoichiometry, retipely. In essence, ALEX enables “virtual”
sorting of fluorescent molecules by separatinglgifadelled species from species that contain both
fluorophores (e.g., protein—-DNA complexes formedwaen singly labelled proteins and singly
labelled DNA).



ALEX is achieved by alternating between donor armteptor excitation lasers for sample
ilumination (Figure 1C) and obtaining donor-extida and acceptor-excitation—based observables
(Figure 1D) for each single molecule; this in tusnperformed through laser-excitation schemes
wherein the sample is illuminated, in an alterrgtiashion, by a laser that primarily excites the
donor and subsequently by a laser that primarilgites the acceptor (Figure 1C). This scheme
recovers distinct emission signatures for all sgediy calculating two fluorescence ratios: an
expression of FRET efficienci, which reports primarily on the donor-acceptortatise, and
relative probe stoichiometry ratf§) which reports primarily on the donor-acceptoictmmetry of
all species. The stoichiometry ra8provides information even in the absence of clasximity
between fluorophores; it allows thermodynamic ametic analysis of molecular interactions,
identification of interaction stoichiometry, andigdy of local environment of the fluorophore. We
defineE andSas:
T~ (1)
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where for each moIecuIefDef(T is the photon count in the donor-emission wavekemggion upon
excitation with the donor-excitation Iasert&xrg is the photon count in the acceptor-emission

wavelength region upon excitation with the donocition laser, andfp/;}:(rcn is the photon count in

the acceptor-emission wavelength region upon eiaitavith the acceptor-excitation laser. The last
photon count is the one introduced by ALEX, anduse allows calculation of the stoichiometry
ratio. Notably,S (0 < S < 1) assumes distinct values for all species in uned of interacting
components (Figure 1B). After adjusting the ex@itatintensities of the two lasers (to ensure that
[for+for = £2") | theSratio for donor-only species is high (~1), whereas $hatio for acceptor-

only species is low, in the 0-0.2 range; finallge tS ratio for donor-acceptor species assumes
intermediate values, in the 0.3-0.8 range. Theegfeven in the cases that the donor-acceptor
distance is out of the FRET dynamic range (doncepmor distance >10 nm), ti&ratio can be
used to determine if the donor and acceptor arthersame molecule. This capability relaxes the
requirement for placing the two fluorophores inselgroximity if information about a molecular
stoichiometry change is required (e.g., assembtliggociation of a protein—DNA complex). It also
relaxes the need for high reagent purity, sincearnimating labelled species (e.g., excess singly
labelled species) can be identified and removethdutata analysis (Figure 1B).

ALEX is a flexible method suitable for various tgpef single-molecule experiments. Here, we
highlight combinations of ALEX with confocal micraspy for in-solution and in-gel measurements
on diffusing molecules, as well as combination&bEX with total-internal reflection fluorescence
(TIRF) microscopy for studying surface-immobilizemblecules.

ALEX on diffusing moleculesin free solution and in gels

Single molecules diffusing in free solution produdearacteristic fluorescence bursts as they
traverse the observation volume (Figure 2A, middieg typical timescale for each transit for a
small protein is ~1 ms. Since the detection timeadfh photon is recorded, search algorithms can



be used to identify bursts corresponding to simgtdecules. Various statistics are computed for
every molecule (e.g., photons detected in the dehannel, apparent FRET efficiency) and are
used for calculating FRET and stoichiometry rattbgse ratios are plotted on two-dimensid&&
histograms that permit virtual sorting of molecutarbpopulations (Figure 2A, right). Accurate
FRET efficiencies can be recovered after applyimgrections for spectral cross-talks and
instrumental factors [30].

Virtual sorting through ALEX does not always elirate the need for purification. For example,
some reactions that form specific protein—-DNA commpk also form aggregates or non-specific
complexes. If not removed, these contaminating ispetan complicate ALEX measurements in
solution. In such cases, confocal ALEX can be comtiwith gel-purification steps. If the species
of interest can be separated in non-denaturingagofjamide gels, the band containing the complex
of interest can be excised and examined directipgusonfocal ALEX (Y Santoso and AN
Kapanidis, unpublished). This purification step omes unwanted contaminants and enriches the
sample for the molecules of interest.

The presence of the gel matrix also slows downusiéin of molecules through the confocal
volume. Slowly diffusing molecules are excited farlonger time inside the confocal volume,
allowing more photons to be collected per molecthe; increase in photon count improves the
photon statistics, narrowing the width Bfdistribution since the contribution of statistigadise
decreases [31, 32]. Nevertheless, confinement ¢écutes in gel does not change the characteristic
mean values oE andS, hence facilitating direct comparison with ALEX nseaement in solution

(Y Santoso and AN Kapanidis, unpublished).

ALEX on surface-immobilized molecules

Combination of ALEX with TIRF microscopy is a poviidrway to observe dynamics of surface-
immobilized molecules in real timelhis method exploits the phenomenon of total irdern
reflection, which occurs when light passes intowadr refractive index medium at an angle larger
than the critical angle, creating an evanescentewtnat decays exponentially away from the
interface [33]. TIRF selectively illuminates onlythin slice (~100 nm) over the glass-solution
interface, hence reducing the fluorescence backgrdtom open solution above the surface. The
illuminated area is imaged using an ultra-sensitbzgnera that simultaneously detects many
molecules in the field of view over the course loé texperiment (Figure 2B left) [34]. When
coupled with surface immobilization, TIRF measurateetrack the time trajectory of the
fluorescence emitted from many molecules in pdratleus offering an attractive method for
following dynamics during a non-equilibrium reacti¢Figure 2B, middle). A TIRF setup can also
be coupled to a liquid delivery system to exchareggents and wash unbound species. This has
been used for “walking” reactions by adding andaeimg reagents in sequence [35, 36].

Single-excitation TIRF-FRET has enabled eleganedrpents that allowed remarkable insight on
molecular mechanisms, especially in transactiongrofeins and nucleic acids [12, 14, 16, 22, 26,
35-39]. However, such experiments are limited by ¢lynamic range of FRET; moreover, it is
sometimes difficult to separate FRET fluctuationge do fluorophore photophysics (e.g., one
induced due to transient formation of non-absorbimgn-emitting states of fluorophores) from
FRET fluctuations owing to conformational chandeat talter the donor-acceptor distance [29]. To
overcome such limitations, Margeat and coworke@ pbmbined ALEX with TIRF microscopy.
As with its confocal counterpart, TIRF-ALEX reports the acceptor state and presence through
the stoichiometry ratids, and permits virtual sorting through the two-disienal E-S histogram
(Figure 2B right). In other cases, the presencaagfeptor blinking can be first checked using



ALEX; if blinking is absent, then any FRET fluctiats can be attributed to structural changes [13,
41].

Application of ALEX for biomolecular interactions

There is a wide range of mechanistic questionsesmsdble using ALEX spectroscopy (Figure 3).
Some questions involve the detection of confornmati@hanges: in essence, do two molecular parts
move relative to each other during a certain precasd if they do, what is the nature (e.g., rotgti
translation) and direction of motion? There ared¢hiypes of distances that are typically monitored:
intra-protein distances, intra-nucleic acid disen¢Figure 3C), and protein—nucleic acid distances
(Figure 3A). Moreover, changes in molecular staaométry due to an assembly or dissociation
process can be observed using changes in stoictmor8e For example, an assay for protein
translocation on a nucleic acid involves placingRET acceptor at the downstream end of the
double-stranded nucleic acid and a FRET donor erptbtein. When the protein interacts with the
nucleic acid, the interaction manifests as a chamgtoichiometry (molecules converting from the
acceptor-only to the donor-acceptor population)enghs subsequent translocation is observed by
an increase in FRET efficiency (Figure 3A; see [4@] a published example). Using similar
observables, one can observe nucleic acid hybtidizand subsequent site-specific nucleic acid
cleavage (Figure 3B); protein-induced DNA bendimgl @ompaction (Figure 3C; see [43] for a
published example); and protein-dependent DNA abBerfFigure 3D; K Lymperopoulos, M
Heilemann, L Hwang, R Crawford and AN Kapanidispieparation).

The addition of a third excitation laser, a thildofophore and a third detection- wavelength range
can expand the 2-colour ALEX into a method knowr8a®lour ALEX (3c-ALEX; [44, 45]). The
3c-ALEX method monitors FRET for every fluoropharembination (for “blue-green, blue-red,
and green-red FRET) as well as relative stoichioyjnef each fluorophore. This additional
capability allows interactions among three différemmponents to be monitored simultaneously in
one experiment, a property that can be used toepsohultaneous distance measurement [44] and
multi-component assembly pathways [46].

Conclusion and Outlook

ALEX spectroscopy adds new and important capadslito the single-molecule toolbox. ALEX-
based sorting analyzes complex samples withoutt stequirements for high purity, optimal

distance range, or high concentration, facilitatieggent preparation. ALEX is compatible with in-
solution and in-gel confocal measurements as wellvéh on-surface TIRF experiments. The
stoichiometry ratidS provides a handle for detecting molecular coinoogeindependent of FRET.

Additionally, S separates donor-only molecules from donor-accaptaecules with large donor-

acceptor separation, thus extending the workinge-ai single-molecule FRET.

TIRF-ALEX combines the attractive features of TIREh the ability to determine stoichiometry,
thus distinguishing fluorescence signals due toréiphore photophysics from signals due to
conformational changes, and detecting species lafith donor-acceptor distances. The timescales
accessible to TIRF measurements (~10 ms) are clyrtanited by the limited number of detected
photons and the photostability of the fluorophdiesconds to minutes). Recent advances in camera
technology, coupled with use of buffer additive§][@nd more photostable fluorophores (e.g.,
colloidal quantum dots), will expand the accessilmiescale, from sub-milliseconds (limited by the
photon count and the camera sensitivity), to témaiputes (limited by photobleaching).



Extensions of ALEX in the nanosecond timescale hgiven rise to the methods of nanosecond-
ALEX [48] and pulsed interleaved excitation [49]otB methods use time-resolved fluorescence
lifetime measurements to probe fast conformatialyalamics and recover distances that fluctuate
on time scales slower than fluorescence lifetirhesé methods also enable use of fluorescence-
fluctuation analysis. The end result of nanoseatetnation is a wealth of information on distance
distributions and orientational dynamics, which mpenew avenues for studying biomolecular
structure, dynamics, and interactions.

Finally, excitation confinement devices such agzaode waveguides [50], nano-pipettes [51], and
nanofluidics [52], can be used to extend the wayleoncentration of solution-based ALEX from
the 10-200 pM range to the 1-1000 nM range. Thityabd work with higher concentrations of
labelled molecules will open new avenues for stoglyproteins with moderate affinity for their
interacting partners, and will increase the appeal usefulness of the ALEX-based family of
single-molecule fluorescence methods.
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Figure 1. Alternating-laser excitation spectroscopy of single molecules.

(A) One-dimensiondE histogram from typical single-molecule FRET expemnt.D-only:

molecules containing only the donor lab&lpnly: molecules containing only the acceptor label
(not visible using single-molecule FRED;A: molecules containing both the donor and the
acceptor. D-only molecules and molecules with latgeor-acceptor distance (>6 nm) are grouped
together at lovE.

(B) Two-dimensionaE-S histogram obtained with ALEX. Rat®reports the presence of donor
and/or acceptor. Only D-A molecules are selectean@e box) and thek values are plotted on a
one-dimensiondE histogram.

(C) A single molecule diffusing through the confoealume is excited by alternating green and red
lasers to produce a characteristic photon burst.

(D) Photons are grouped into four channels depgnaimthe laser excitatio®gyc or Aexc) and

the emission detectoDem or Aem). After bursts due to single molecules are idexdifthe photons
from various channels are counted for each molecuzce“ : total photons collected temission
channel due t&-excitation.E andS can then be calculated according to equationar{d)(2) (main
text); the photon counfpzi“ is not considered since it is negligible.
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Figure2
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Figure2. Implementation of ALEX on diffusing and immobilized molecules

(A) Left: a single D-A DNA molecule diffuses thrglu a confocal observation volume in solution;
Middle: Time trace of ALEX in solution. Examples Bfonly, A-only, and D-A molecules are
highlighted. RightE-S histogram showing D-only, A-only, and D-A popudats.

(B) Left: TIRF-ALEX with a different D-A DNA immobdized on surface. Middle: Time trace of
single immobilized DNA with a 10-bp mismatch betweke donor and the acceptor. As acceptor
bleaches (at~ 5s) , the photon courh&'?;” returns to the level expected in the absence &TFR

Fluctuation ofE fluctuates may be due to the flexibility of thegie-stranded region of the
mismatch. RightE-S histogram obtained for every molecule in everyniea
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Figure 3. ALEX applicationson protein interactionswith nucleic acids.

(A) Left: acceptor-labelled DNA. Middle: Proteinngling forms a donor-acceptor complex
(intermediates). Right: Protein translocation on DNA increase€RRefficiency (higheE).

(B) Left: a short doubly labelled single-strandedAfragment results in higg (short end-to-end
distance due to short persistence length) andnetgiateS. Middle: Hybridization with
complementary strand forms double-stranded DNA [¢&Pand increases donor-acceptor distance
(decreaseE). Right: Enzymatic cleavage of dsDNA releases halb sites that diffuse separately in
solution (intermediat& population disappears).

(C) Left: donor-acceptor DNA. Middle: Interactiontlwprotein decreases donor-acceptor distance.
Right: a conformational change in the DNA causeth&r separation between donor and acceptor
(increase irE).

(D) DNA-binding proteins are detected through malaccoincidence of two half-sites. Left:
Without protein, the two half-sites interact onigirisiently (no intermediat®. Right: added
proteins bind stably to transiently assembleddités, giving rise to donor-acceptor species
(intermediates).

13



