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ABSTRACT. Confocal microscopy is widely used for acquiring high spatial resolution tissue sample
images of interesting fluorescent molecules inside cells. The fluorescent molecules are often tagged pro-
teins participating in a biological function. The high spatial resolution of confocal microscopy com-
pared to wide field imaging comes from an ability to optically isolate and image exceedingly small vol-
ume elements made up of the lateral (focal plane) and depth dimensions. Confocal microscopy at the
optical diffraction limit images volumes on the order ©0.5 femtoliter (1015 L). Further resolution
enhancement can be achieved with total internal reflection microscopy (TIRM). With TIRM, an
exponentially decaying electromagnetic field (near-field) established on the surface of the sample de-
fines a subdiffraction limit dimension that, when combined with conventional confocal microscopy, per-
mits image formation from<7 attoL (1018 L) volumes [Borejdo et al. (2006Biochim. Biophys. Acta

in press]. Demonstrated here is a new variation of TIRM, focused TIRM (fTIRM) that decreases the
volume element te~3 attoL. These estimates were verified experimentally by measuring characteristic
times for Brownian motion of fluorescent nanospheres through the volume elements. A novel applica-
tion for TIRM is in situ single-molecule fluorescence spectroscopy. Single-molecule studies of protein
structure and function are well-known to avoid the ambiguities introduced by ensemble averaging. In
situ, proteins are subjected to the native forces of the crowded environment in the cell that are not present
in vitro. The attoL fluorescence detection volume of TIRM permits isolation of single proteins in situ.
Muscle tissue contains myosin at~al20 uM concentration. Evidence is provided tha?5% of the
bleachable fluorescence detected with fTIRM is emitted by five chromophore-labeled myosins in a muscle
fiber.

Protein structure and function is widely studied using tools ~ An interesting target protein subjected to molecular
designed to isolate and characterize single molecules. Thecrowding is the motor protein myosin in muscle. In the
approach avoids certain ambiguities introduced by ensembleskeletal muscle sarcomere, myosin forms thick filaments
averaging, thereby providing substantially more insight into interdigitated with polymerized actin thin filaments. The
protein dynamics accompanying functiod, (2). Motor filaments produce contraction by a relative sliding movement
proteins operating on the substrate in vitro is an example of accompanied by myosin hydrolysis of ATP and sarcomere
a system successfully investigated with the single-molecule shortening T, 8). Thick filaments are concentrated into the
approach3, 4). While the approach is advantageous in many sarcomeric A-band where the myosin concentration is
ways, single molecules in vitro do not fully exemplify the estimated to be~120 uM (9), implying ~72 myosins per
native system in a cell where molecular crowding is the norm attoL (1018 L). Using fluorescence detection of an extrinsic
(5, 6). A crowded environment potentially affects protein chromophore specifically labeling-1% of the myosin
solubility, structure, and kinetics, suggesting that proteins molecules,~1.4 attoL observation volume is needed to
in situ function differently from their in vitro counterpart. isolate a fluorescent signal from a single sarcomeric myosin.
For instance, the crowded environment is known to produce AttoL volume resolution is beyond diffraction-limited optics,
preferential hydration of a target protein favoring lower stimulating wide interest in alternative approaches to relax
surface area structures and promoting self-association. Singlediffraction-limited constraints.
molecule studies conducted in situ are clearly preferable The standard optical microscope employs a propagating
when feasible. field (or far-field) electromagnetic radiation for imaging and

is a diffraction-limited instrument; however, there are some
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single objective but at the cost of additional side lobes The myosin motor in a skeletal muscle fiber can be
displaced laterally from the focus. The confocal pinhole plus specifically modified by a fluorescent probe. Modification
image processing effectively removes the side lobe contribu- can be covalent where a derivative of tetramethylrhodamine
tions. They demonstrated a resolution on the order of 100 specifically reacts with the fast-reacting thiol (SH1 or
nm in three dimensions, corresponding to a detection volume Cys707) in the myosin catalytic domai23j. We have shown
probably somewhat larger than 1 attoL. Klar et dll)( that a confocal microscope equipped with uTIRM isolates
demonstrated a 0.67 attoL fluorescence detection volume inindividual SH1-modified or light-chain-labeled myosin mo-
a far-field microscope using stimulated emission depletion tors in myofibrils, thus accomplishing an important first
(STED). Synchronized probing and STED laser beams excitestep toward in situ single-molecule studies in mus@i.(
fluorescence in a normal diffraction-limited volume and then The new variation of fTIRM introduced here has the ad-
guench fluorescence from the periphery of a volume using vantages of uTIRM but with a significantly smaller detection
stimulated emission initiated by the STED beam that is red- volume.
shifted from the probing beam. The intensity profile of the
STED beam is controlled to engineer shape and size of theMATERIALS AND METHODS
volume from which fluorescence is detected. A microscope ChemicalsCarboxylate-modified fluorescent microspheres
using STED or a related depletion technique appears ableand 3-iodoacetamidotetramethylrhodaminé-[BTR) were
to shrink the detected fluorescent volume size without limit. purchased from Molecular Probes (Eugene, OR). ATP,
Recently, the 4Pi and STED technologies were combined dithiothreitol (DTT), Triton x 100, and phenylmethanesulfo-
to achieve an axial resolution f50 nm (2). nyl fluoride (PMSF) were from Sigma Chemical (St. Louis,
Near-field microscopes make use of a nonpropagating MO). All chemicals are analytical-grade.
evanescent field that decays exponentially in space to define Solutions.Rigor solution contains 80 mM KCI, 5 mM
a subdiffraction-limited volume. Near-field scanning optical MgCl,, 2 mM ethylene glycol big{-aminoethyl ether)-
microscopy (NSOM) probe®) and zero-mode waveguides N,N,N',N'-tetraacetic acid (EGTA), 1 mM DTT, 0.2 mM
(13, 14) squeeze light through a nanoscale aperture to PMSF, and 5 mM phosphate buffer. Relaxing solution is
produce an evanescent field confined to the immediate rigor solution plus 4 mM ATP. Glycerinating solution is
vicinity of the aperture. NSOM makes use of a tapered fiber relaxing solution with 50% glycerol (volume/volume). Skin-
optic tip scanned over the sample to produce subdiffraction- ning solution is relaxing solution containing 0.5% Triton
limited resolution images of the surface. Zero-mode x100. Labeling solution is relaxing solution without DTT.
waveguides are not scanned, but they define a tiny il- All solutions are pH 7.
luminated volume on the sample surface. Either near-field Fluorescent SpheredNile red and orange carboxylate-
method produces detection volumes~ef attoL modified fluorescent spheres had 20 and 100 nm diameters
Total internal reflection microscopy (TIRMproduces an  and excitation/emission maxima at 535/575 and 540/560 nm
evanescent field on the water side of the glass/water inter-according to the Molecular Probes catalog. Sphere fluores-
face made by a coverslip contacting aqueous solution cence was observed with a rhodamine filter set. Sphere
(15). Excitation is delivered through the glass side by concentrations were computed using the formula in the
propagating light incident on the interface at angles beyond catalog after dilution in rigor buffer. We used “0and
the critical angle for total internal reflectiorl). Prism 10%-fold dilutions from stock, giving sphere concentrations
and prismless forms of TIRM have been describ&d).( of 4.5 x 10 and 3.6x 10 spheres/mL for the 20 and 100
Prismless TIRM utilizes a high numerical aperture oil im- nm spheres, respectively. All experiments were conducted
mersion objective to refract excitation laser light at super- at room temperature.
critical angles for total internal reflectiod®). The evanes- Coverslip Cleaning and Sample Chamber Preparation
cent field decays exponentially in the direction normal to Clean glass or suprasil quartz (Chemglass, Vineland, NJ)
the interface. Usually, prismless TIRM is setup to illuminate #1 coverslips were sonicated for 10 min in ethanol and then
a uniform field in object space (unfocused TIRM or uTIRM) plasma-cleaned (Harrick Plasma, Ithaca, NY) for-88 min.
using a laser beam focused at the back focal plane. RuckstuhPlasma cleaned coverslips were placed off & 13" brass
and Seeger10—21) developed prismless TIRM with a slide with a large hole cut out, permitting the objective from
parabolic mirror objective (PMO) producing a focused spot the inverted microscope to contact the coverslip through
on the sample in the aqueous medium (focused TIRM or immersion oil. A water-tight chamber was constructed on
fTIRM). They combined fTIRM with confocal microscopy top of the plasma-cleaned coverslip as shown in Figure 1.
and investigated dye diffusion characteristics with fluores- The chamber top was formed by another #1 thickness
cence correlation spectroscoB2). The findings indicated  coverslip made shorter than the bottom coverslip by slicing
that the detection volume produced with this setup<B off two 2 mm wide rectangles of glass using a diamond-
attoL. The instrument described here resembles Ruckstuhltipped pen. Two opposing sides of the chamber were formed
and Seeger’s but where a conventional high aperture objec-by narrow silicon grease stripes extruded from a pipet tip at
tive substitutes for the PMO. We demonstrate with diffusing about the thickness of the coverslip. The grease stripes ran
fluorescent nanospheres that the instrument produces ahe length of the bottom coverslip and defined-a53mm
detection volume of~3 attoL. This development permits wide band through the center. The other opposing sides of
attoL volume illumination with off-the-shelf microscope the chamber were left open, allowing input and output of
components. solutions to the chamber. The rectangular glass slices cut
from the top coverslip were placed on the outer edges of
L Abbreviations: u(f)TIRM, (un)focused total internal reflection  the plasma-cleaned slide to act as spacers between the
microscopy. chamber top and bottom. In the figure spacers are shown
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Solution Muscle Fiber the coverslip at the focused spot and is illuminated by the

g Silicone Grease evanescent field. Excited fluorescence collected by the

Coverslip —= o objective is filtered and formed into an image by the tube
/"L‘: —79'-\/_\: NA=L1.45 Objective lens at the confocal pinhole aperture. The collector lens

Oil = = = == =% = - Back focal plane (BFP) focuses divergent fluorescent light, transmitting the pinhole

onto the avalanche photodiode (APD) detector.

\ Argon The APD outputs a TTL-compatible pulse for each
Laser detected photon. A counter/timer card (6602, National

Filter Cube \ Instruments, Austin, TX) counts pulses over time b
Opaque disk us. Custom-written programs in Labview software control

the counter/timer card and display/process data.
In some experiments, we utilized uTIRM illumination. The

. ~——— Tube Lens annular disk in Figure 1 was replaced by a lens that focuses
pinhole > Collector excitation light at the back focal plane (BFP). The lens is
displaced in the plane perpendicular to the beam propagation
- direction until the focused spot at the BFP lies outside the

shadow created by the opaque disk when presE)t (

Ficure 1: fTIRM optical setup. Excitation light from the expanded Sphere Diffusion through the Detected VolurRiiores-

laser beam is partially blocked by the opaque disk to form an Cent spheres in Brownian motion translate through the
annulus of light reflected by the filter cube and illuminating the detected volume, producing time-dependent fluorescence

objective BFP. Light is refracted at the objective to form a focused intensity. Fluorescence intensity depends upon sphere dif-
spot on the glass/coverslip interface. All refracted light is incident ,sion constanD. detection volume\(y) size and shape

on the interface at angles beyond the critical angle for total internal d traints | d h h ii by th
reflection. The evanescent light at the interface excites fluorescence@@ constraints 1Imposed on the sphere position by the

in the sample surface that is collected by the objective. FluorescencePresence of the planar glass/water interface, where total
transmits the filter cube and is focused by the tube lens on the internal reflection occurs. We model sphere diffusion as a
pinhole. A collector lens focuses light transmitting the pinhole onto  three-dimensional random walk subject to constraints im-
the active surface of the APD. posed by the presence of the planar interface, compute the
_ _ . time-dependent fluorescence intensity, and compare com-
taller for clarity. The char_nber may contain a muscle fiber puted with observed signals to deduce the size and shape
(as shown) or a suspension of nanospheres. of V.

Muscle-Fiber Preparation and Modification with a Fluo- A sphere, the solute, undergoing a random walk in one
rescent ProbeRabbitpsoasmuscle fibers were obtained as  gimensjon moves a step of length, in each time interval,
previously described?S) and kept in glycerinating solution 7 pjisplacement of the solute aftessteps isx = (n — 2n.)9,
at —15 °C for up to several weeks. All fiber preparations \yheren_ is the number of steps in thex direction. It can
were performed at 4C. In the standard fiber-labeling proce-  pe shown by statistical arguments that the ensemble averaged
dure, muscle fibers are bathed in skinning solution (10 min) gisplacement squared@= nd? (28). Generalized to three
to remove the membrane and then placed in labeling solutiongimensions[i200= 3nd2, wherer is the radial distance from
containing 7Q«M 5'-IATR for 30 min. The labeling reaction  the starting point. In time¢ = nz and for a diffusion con-

is stopped with 1 mM DTT and excess dye exhaustively stant Dr = 62, we get the SutherlancEinstein diffusion
washed out with relaxing solution (2 h23). Under these  gquation

circumstances, we showed that-786% of the total probe
intensity emitted from the'8ATR label in modified fibers 2 2_
originates from the myosin heavy-chain reactive thiol (SH1 = 3no” = 6Dt (1)
or Cys707) £6). Myosin extracted from the labeled fibers  giep, jength is the solute mean free path between collisions
had~0.32 probe/myosin headgroup?. Fibers labeled o \ith the solvent. The distance between water molecules at a
this degree exhibited a normal isometric tension-af72 + 55 M concentration suggesfs~ 3 x 104 um, implying
50 kN/m?. In experiments described here, we used fibers fom eq 1 that the number of steps needed to move about 1
!abel_ed by a modified protocol. The modified p_rotocol IS m is~10". Simulations using % 104 um step sizes were
|dent|<_:al to the standard one except Fhat the_labe!mg solution' ot tractable. Choosing a longer step will not change anything
contained 10uM 5'-IATR and the incubation time was i, the problem provided that we also lengthen the step time
shortened to 20 min. We expect the labeling efficiency to ; 504 do not seek to characterize the particle movement in
be significantly decreased without the loss of specificity.  {jime segmentss 10z. The Einsteir-Smoluchowski relation
Microscope fluorescence measurements on muscle fibersgives the diffusion constanb = kT/(67s7), wherekT is
were performed at 26C. the thermal energys is the sphere radius, andis the fluid
Confocal fTIRM Figure 1 shows the fTIRM instrument viscosity. The diffusion constants for the 20 and 100 nm
diagram. Plane polarized light from an expanded argon ion spheres in water at room temperature are .20 7 and
laser beam impinges on an opaque annular disk. The disk4.4 x 1078 cn¥/s, respectively. A0 = 2 nm step size is
restricts light to the annular region that, when refracted by 10-fold smaller than any linear dimension in our system and
the NA 1.45 60« oil immersion objective (Olympus, should be small enough to accurately account for solute
Melville, NY), propagates toward the coverslip at angles diffusion in the system. For thi§, we obtaint = 0.02 us,
greater than the critical anglé, ~ 63°. A fluorescent-labeled  a characteristic time 200-fold shorter than any time-dependent
muscle fiber in aqueous buffer solution makes contact with measurement that we can make. The real sphere executes
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dimensions of the system and the time frame of our
measurements prohibit any detectable effect from this (8L
computational short cut. ZRn(k.ét,Vd)

Three vectorsyy, vy, andy, of dimensionN [u(j), j = 1,
..., N] were constructed from the randomly chosen integers (k-ét)an(k-ét,Vd)
—1 or 1 corresponding te- or + direction steps. The three
vectors assigned to the-, y-, and z-spatial dimensions EQAt)ZQ—F [ﬂE[2= (2)
determine the spatial path of the sphere center as a function ZRn(k'étivd)
of the step numbefxs(n), ys(n), zs(N)} = Yj=1,0{ ().
(i), vj)}, for n = N. The step number converts to time

multiple random steps for each simulated step; however, the Z(k'ét)Rn(k'étan)

with t = nz (the time it takes to complete steps) _and = where k is summed over recorded events adidis the
D/(26%). A sphere is detected when any part of it intersects sampling interval. Potentially more pertinent to fluorescence
Vg, hence the midpoint of each sphere path (wherern/2) detected events is the fluorescence-intensity-residence dura-

is translated to a randomly chosen point witMpand the tion distribution, R(t,V4), computed likeR,, except that
entire length of the path is traced to see if any part of the summed fluorescence intensity during an event, rather than
sphere intersects the planar surface where TIR occurs. If thethe number of events, of duration is the distribution
sphere and surface collide, the path is rejected. We typically amplitude. Mean and rms deviation residence times from
collected 46-100 sphere paths for an ensembile. Ri(t,Vq), [l and (At2[)Y2 are computed using eq 2 witR
In practice, spheres collide with the surface on pathways replacingR..
included in the experimental ensemble, inviting the question  Mean and rms deviation residence times will depend to
of how relevant the simulation is to the experiment. Allowed some extent upomt because sphere movement near the
sphere positions occur on a lattice defined by step 8ize edges ofVy will produce detectable events for shditthat
and starting fronz = ¢, with the TIR planar surface at= will go undetected for longit (seeEvent Detectioh We
0. Just before collision, the sphere resides atd. At step remove inconsistencies caused by this effect by using two
n, it moves in the—z direction, colliding with the surface, = sampling times exclusively, 5 and 5, for experiments
reversing direction, and then stoppingzat 2. Positionz and simulations on the 20 and 100 nm spheres, respectively.
= 20 is the place that the sphere would have occupied if it  Photon StatisticsThe sphere concentration is low enough
had taken step in the+z direction (a sphere never remains that only one sphere is insidg at a time. lllumination of a
in the same place in any dimension after a step). The lattersolution containing fluorescent spheres will produce fluo-
path is one that we include in our ensemble in the collision- rescence intensitft) at the detector (not including statistical
rejecting method, implying that we find every path that the effects) given by
sphere can take in the presence of the surface. Evidentially,
a path involving collisions can also be created without _ _ _
collisions, suggesting that path frequency is under-repre- O~ 1O 0 f Colx = %0,y = ¥s(0),
sented in the collision-rejecting method. However, path z — z4(1))IPSFky,2)dxdydz = P(t) (3)
degrees of freedom are so large there is negligible probability
that one path will ever be repeated. Thus, rejecting spherewherefy(t) is the backgroundC; is the probe density (finite
paths that collide with the surface is an appropriate strategy and constant within the sphere and 0 otherwise), the sphere
to include the surface effect on trajectory without explicitly center coordinatégs(t), ys(t), zs(t)} that move as the sphere
treating the collision process. diffuses, and IPSKk(y,z) is the integrated point spread
The detected fluorescence intensity is proportional to function (seeSize and Shape ofg)V P(t) represents the
sphere surface area (or volume, depending upon how chro-overlap of the sphere volume withy at time t and
mophores are distributed within the sphere) falling within corresponds to a particular number of fluorescing probes.
Vg. The quantity is computed for each point in the sphere The fluorescing probes give rise to an intensity at the detector
path. Sphere size and its diffusion constant are known leavingwith photon count distributiorp(k,[KLk) for k photons/
Vy, defined by the electric field spatial distribution and the sampling interval, with the expectation vallil= aP(t)
pinhole aperture (se&ize and Shape of g4\ the only and parametee related to a real detector correction as
unknown. discussed below. Proportionality constantelates photons
The fluorescence signal from the diffusing sphere will be detected to photons emitted for a particular microscope and
mainly a null signal disturbed occasionally by short fluo- sampling time interval. The background light has an identical
rescence bursts when the sphere enters and then I¥aves photon count distribution but stationary expectation value
(possibly several times in one encounter). The number- (k[0 = [Kl4. Hence, the total photon count distribution,
residence duration distributiomR,(t,Vg), characterizes the  pr(kt.,e), including the background and sample counts is
sphere residence M. It is the number of duration events
produced by an ensemble of sphere paths as a functibn of pr(kte) = p(k,Klj,e) + p(k K= aP(t)e)  (4)
The encounter of a single sphere withwill produce one
or several events contributing R)(t,Vy). The many sphere  Equation 4 is evaluated for a stochastic process by generating
paths in an ensemble will produce similar contributions. From random photon counts with the distributiquk,(kCk). For
Ri(t,V4), we compute the mean residence tiffig¢ and root- an ideal detectomp(k,[kCk) is a Poisson distribution. Real
mean-squared (rms) deviation of the residence tieg)*? detector after-pulsing probability9,, and dead timefq,
= ([t — MDPL)Y2, given by modify p(k,[kCE) as discussed by Hillesheim and Néu (29).
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After-pulsing probability is small{, < 0.003), and to
first order modifies the ensemble average photon number
kO— (1 + 6K For our application, this after-pulsing
correction can be ignored throughout by using the observedEvent duration is the number of sample times between
(k[(as opposed to the re@d) when evaluating eq 4. Amore jnitiation and termination.
significant effect (for us) is its apparent contribution to the  Measured event duration depends explicitly ugdhy
higher than expected probability for two photons per counting through eqs 6 and 7 and implicitly anP(t) because light
time interval in the background. The prevalence of spurious detection from a sphere iy must be bright enough to
two photon events required us to set a minimum two photon overcome the thresholdkj is estimated from light levels
threshold for event detection (s&eent Detectioh between well-separated intensity spikes identified with a

After a photon is detected, the dead time must pass beforesphere passing through. We could not devise a practical
another photon hitting the APD will be registered. Finite dead method to measurelP(t), except implicitly by requiring
time modifies the shape and position @ of the photon  simulated data, constructed with eq 4 and then analyzed by
count distribution as a function ef= ty/Ts, whereTs is the the event detection software, to have an event peak height
sampling time interval. We use@(k (k) derived by distribution comparable to the measured data. In the simula-
Hillesheim and Miler for dead timety = 31 ns measured  tion, we estimatenP(t) as a random Poisson distributed
from the APD at the factory. number, with an average value adjusted to reproduce the

Event Detection Continuous fluorescence time courses observed peak height distribution.
lasted 0.25'5 s for sampling time intervals of-5100 us. Size and Shape of;VFluorescent intensity at the image
Usually, 1-2 sphere detection events occurred during the plane in the diffraction-limited, far-field microscope is the
time course, and 100 time courses were collected for eachconyolution of the excitation and emission intensity profiles
condition. Subsets of the fluorescence time course betweern(30). The light intensity profiles are derived from geometrical
sphere detection events were identified and used to set theyptics and given by the Fraunhofer diffraction patterns from

p(k, Bl€) = % (7)

background mean photons/sampling intervetly. The
measurement ofk[j implies that the background light

a circular aperturel). Detected fluorescence is the intensity
at the image plane integrated over the confocal pinhole; thus,

contribution to the fluorescence signal is fully characterized the size and shape of the detected voluiedepends upon
(eq 4). The remaining unknowns in the fluorescence signal the excitation beam profile, diffraction of emitted light

areo. andP(t) in the expressiok[l= oP(t) (eq 4). At any

through the microscope optics, and the size and shape of

instant in time, the mean photon count from the sphere in the confocal pinhole.

Vs, KO= oP(ty), depends upon the sphere locationMn

because the excitation field is spatially inhomogeneous,

making the direct measurement aP(t) impossible. We
estimateaP(t) from the peak photon count distribution as
described below and find that this information is sufficient
to constrain the size and shape\Gf

Dilute samples of diffusing and fluorescing spheres were
observed under fTIRM and uTIRM. Residence times for a
sphere inVy were observed from experimental data consisting

In our application, the spatial distribution of the excitation
field intensity for fTIRM or uTIRM is unconventional. In
either excitation mode, the field intensity decays exponen-
tially in the dimensionZ) normal to the glass/water interface.
Intensity depthg, is given by

A

Zd =
4t/ (ng sin 6)? — 15,

(8)

of the fluorescence time course as spheres moved through

Vy. More than 18 sphere detection events under various

whereng or n,, are the refractive indices in glass or waier,

conditions were recorded, necessitating the creation ofis the incidence angle, aridis excitation light wavelength
software for automated event detection. All programs were in a vacuum. Field intensity spatial distribution in lateral

written in Mathematica 5.1 (Wolfram Research, Champaign,
IL).

Event thresholdkg, is the smallest integer photons per
sampling interval count that cannot be achieved by the
background over the time course consistindvbintervals.
The probability for collecting=n photons/sampling interval
because of the background is

o0 n—1
g(n) = Z p(.EGe) =1— ) pli.Kige)  (5)
From eq 5ky is defined by
Ma(ky <1 (6)

The interval where photons/sampling interval atle starts
a sphere detection event. Event termination threshgld

dimensions differs between the uTIRM and fTIRM excitation
modes. uTIRM is uniform, while fTIRM forms a focused
spot computed using expressions derived in the Appendix.
The point spread function integrated over the pinhole aperture
in the image space (integrated PSF or IPSF) as a function
of the point source position sets boundariesvipappropriate

for a pointlike diffusing fluorescent sphere. Results for
uTIRM and fTIRM are shown in Figures-24 for a NA 1.45,

60x objective.

Figure 2A shows the two-dimensional intensity distribution
in the focal plane Xy) on the water side of the interface
(containing the sample) in fTIRM. Plotted on theaxis is
the light intensity. The incident light plane polarization is
along x. The profile is asymmetrical with the wider and
bimodal intensity distribution in the direction of the incident
plane polarization. Figure 2B shows the intensity distribution
along thex (M) andy axis (®). The 1£intensity half widths

the minimum photon count that background light can achieve of the focused spot are 180 and~70 nm. The intensity

with a probability< 50%. It is given by solving for integer
k: in the equation

distribution in thez dimension 4) is exponentially decaying
with a width of ~100 nm. For a comparison, the intensity
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Ficure 2: Light-intensity distribution of the evanescent field for
TIRM. A is the light intensity in the focal planez(= 0). The
incident light plane polarization is along tkxeaxis. B shows the
intensity distribution alongk (B, 1/e width ~180 nm) andy axes
(®, 1/ewidth ~70 nm). The intensity distribution in ttedimension
(a) is exponentially decaying with a width ¢f100 nm. For a
comparison, the intensity distribution along theaxis when the
BFP is uniformly illuminated, i.e., a diffraction-limited spot, is also
shown Q).

distribution along thex axis when the BFP is uniformly
illuminated, i.e., a diffraction-limited spot, is also shovim)
Figure 3A shows the IPSF for the intensity distribution in
Figure 2 and a 1Qtm pinhole as a function of the point
source position near the focal plane/ plane on the water

side of the interface). Figure 3B is the IPSF under the same j,qe time insideV,:

conditions as in Figure 3A but for the point source position
in an axial planeyzplane on the water side of the interface).
The z-dimension dependence is exponential with a depth of
field of ~100 nm. Parts A and B of Figure 3 show that the
side lobe field intensities visible in Figure 2 are very
effectively removed from the detection volume by the 10
um pinhole. The 2%m pinhole likewise effectively removes
all side lobe field intensities from the IPSF, while the 50
um pinhole admits the first-order side lobe intensities (data
not shown). Parts C and D of Figure 3 are the IPSFs for
uTIRM, 5um pinhole, and other conditions identical to that
in parts A and B of Figure 3. A comparison of parts A and
C of Figure 3 shows the narrowing of the IPSF because of
focused excitation.

We used fTIRM for the isolation of single chromophores
modifying myosin cross-bridges in muscle fibers. We cal-
culate effective/y for single-molecule isolation by deploying
a rectangular solid lattice of identical chromophores in
sample space. The lattice fills the volume occupied by the
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the unit-cell lattice dimensions. We define the minimum unit
cell in the lattice to have dimensions for which the principal
chromophore fluorescence accounts for more than half of
the total fluorescence collected. The IPSFs shown in parts
A and B and parts C and D of Figure 3 have a minimum
unit cell with x, y, andz dimensiond., x Ly x L, of 186 x

116 x 76 and 190x 190 x 86 nm, respectively. The
maximum volume defined by the lattice containing only the
principal chromophore is the effectiig. The IPSF shape
suggests that it is the halt & 0) triaxial ellipsoid centered

on the origin with semi-axis lengths, x L, x L, giving
effective Vq values of~3.4 and~6.5 attoL.

Sensitivity of sphere diffusion characteristics to the shape
and size ofVy was tested by computing the mean and rms
deviation of residence times (eq 2) for a large variety of
practical beam profiles. Table 1 summarizes the beam
profiles considered and theWy values. The diffraction-
limited profile listed in Table 1 is a hypothetical construct
made from combining the lateral profile from a diffraction-
limited beam (when the BFP is fully illuminated as opposed
to annular illumination, see Figure 1) with the axial profile
of an evanescent field. Figure 4 shows the melihgnd
rms deviation 4) for the number and fluorescence-intensity-
residence duration distributions for 20 nm sphere-simulated
diffusion. Correlation coefficients, of 0.98 or 0.96 between
the rms deviation or mean fluorescence-intensity-residence
duration andVy, compared to 0.80 or 0.52 for their
counterparts from the number-residence duration distribution,
show that fluorescence-intensity-residence duration distribu-
tion is the more reliable indicator ofy size.

The fluorescence residence duration distribution weighs
heaviest events producing more fluorescence. Events produce
more fluorescence when the single fluorescent sphere inside
Vq traverses regions of higher excitation intensity closer to
the TIR surface (ax = 0 in Figure 3) and centered laterally
inside the focused spot. These spheres will also tend to spend
thus, it is expected that fluorescence
intensity weighting produces a parameter more sensitive to
the Vq size.

The mean and rms deviations shown in Figure 4 are
derived from simulated data without noise. When simulating
real data, we include photon statistic effects (noise) contrib-
uted from the background and sphere fluorescence signals.
On noisy data, we employ event detection (deeent
Detection) to distinguish noise fluctuations from sphere
detection events, leading to a dramatic decline in the mean
and rms deviation of sphere residence duratioNdnThis
is expected because points in the time-dependent fluorescence
trace where the sphere is residentMnbut near the edges
of the volume where it produces lower fluorescence are
indistinguishable from points where the sphere lies outside
V4. Ambiguous points are counted as times when the sphere
lies outsideVy.

RESULTS

water and sample in a real experiment. A single chromophore The top panel in Figure 5 shows fluorescence photon
in the lattice, the principal chromophore, occupies the sample counts from a 20 nm diameter fluorescent sphere diffusing

space equivalent of the maximum intensity point in the IPSF

throughVy ~ 3 attoL for fTIRM illumination with a NA

(see Figure 3). Fluorescence detected from each chromophoréd.45, 60< objective and 1Q:m diameter confocal pinhole.
in the lattice is summed and normalizes the fluorescence Fluorescence collection sampling times wereu®& The

collected from the principal chromophore as a function of

bottom panel shows simulated data from a randomly walking
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Ficure 3: Integrated point spread functions (IPSF) for fTIRM and uTIRM. A and B contain the IPSF for the intensity distribution in
Figure 2 and a 1@m pinhole as a function of the point source positigny{ andz). A shows IPSF for the point source constrained in the
focal plane ¢ = 0). B shows IPSF for the point source constrained in an axial ptare ). Thez-dimension dependence in B is expo-
nential with a field depth 0f~100 nm. C and D contain the IPSF for uTIRM with aB pinhole and other conditions identical to that in

A and B.

Table 1: Computed Detection Volumes for Various Beam Profiles 3000 || m <e N p=0.80
Vq (attoL) conditions g | [ «adsp)'? .
3.1 fTIRM, 100 nm evanescent field depthuB pinhole g 2000
3.4 fTIRM, 100 nm evanescent field depth, A pinhole =
6.0 fTIRM, 100 nm evanescent field depth, 2% pinhole
6.5 uTIRM, 100 nm evanescent field depthy® pinhole 1000 F p=052
15.2  fTIRM, 100 nm evanescent field depth, 4@ pinhole !—‘//.
18.0 diffraction-limited profile, 100 nm evanescent field depth, am
50 um pinhole (hypothetical) 0 ——rt— L
61.5 UuTIRM, 100 nm evanescent field depth,B@ pinhole
104.4  uTIRM, 210 nm evanescent field depth /56 pinhole 20000
_ b | <oy p=0.96
_ _ 2 15000 1|4 (<at>p”
sphere. Both panels show fluorescence time traces with 1 P .
event initiated when photon counts exceed 2 and subse- 210000 -
quently terminated when photon counts ardl (seeEvent I =098
Detectionin the Materials and Methods). The time per event 5000 -
is 10us in the top panel and &s in the bottom panel. Time /
increases from left to right in Figure 5. If simulated data 0 L . \ . .
(bottom panel) were run backward in time, the trace would 0 20 40 60 80 100 120
correspond to a 1s event. The time asymmetry is a V4 (detection volume attoL)

consequence of the event detection bias that registers newgyre 4: Mean @) and rms deviation&) for the number- and
events only when the detected intensity is too large to be fluorescence-intensity-residence duration distributions for 20 nm

from a noise source characterized by the average backgroungphere-simulated diffusion. Linear regression correlation coef-

light level. Measured and simulated data from time traces ficients, p, indicate how closely two variables approximate a linear
’ relationship to each other. Mean and rms deviation of the

longer than those depicted in Figure 5 often had the sphereqrescence-intensity-residence duration distribution is the more
entering and leavinyy several times while lingering in the  reliable indicator ofVy size.

vicinity (data not shown).

The number and fluorescence residence duration distribu-estimate forVy in Table 1. Measurement and simulation
tions, R, andR;, were tabulated from measured fluorescence comparison for fTIRM with the 5@m pinhole suggests that
intensity time traces of 20 and 100 nm diameter fluorescent the actualVy is somewhat smaller than the 15.2 attoL estimate
spheres diffusing in water. lllumination mode (uTIRM or in Table 1.
fTIRM), pinhole diameter, and evanescent field depth were  We did uTIRM experiments on 20 and 100 nm spheres
varied. We computed the residence time average and vari-for two evanescent field depths by using coverslips at the
ance by eq 2. Results are summarized in Table 2. Table 3TIR interface with different refractive indices. The maximal
shows simulated quantities for a comparison to those in field depth corresponded to a quartz coverslip with a refrac-
Table 2. We find that measured sphere diffusion character-tive index of 1.46. The minimal field depth corresponded to
istics for fTIRM with the 10um pinhole are fully accounted  the standard crown glass coverslip with a refractive index
for by the simulation, consistent with the 3.4 attoL size of 1.5. The excitation light incidence angle on the TIR
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4 Figure 6 shows the fluorescence intensity from SH1-

labeled myosin cross-bridges in a skeletal muscle fiber. The
fiber was illuminated using fTIRM and a Bm pinhole,
giving a detection volume from Table 1 ef3 attoL. The

top panel shows the raw data (green squares), baseline (black
line), the stepwise fit with eight variable height steps (blue
line), and the residual between the data and fit (red line) for
the full time course of the experiment. The bottom panel
shows the raw data for the first 20 s of the bleaching curve,
where stepwise photobleaching is most clearly discernible.
The data shows that most of the photobleachable light
originates from five probes within the 3 attoL detection
volume. For these five probes, the meaistandard deviation
step height and lifetime are 1332 411 photons/s and &

6 s, giving~12 000 photons/probe detected. THAATR

is known to underge- 1P excitation/relaxation cycles before
photobleaching, implying that light collection efficiency was
~1% for this experiment. Step decrements are variable in
height because the brightest probes, located at the interface
where the evanescent field is most intense, have the highest
excitation rate and are most likely to photobleach.

We simulated fluorescence intensity from probes in a
lattice, imitating those on cross-bridges in a muscle fiber
NA 1.45, 60x objective and 1Qtm diameter confocal pinhole. A and r?Sident in the detection VOIum.e approprigte for the
shows experimental data, and B shows the simulation based on€XPeriment on SH1-labeled muscle fibers described above.
the random walk diffusion model. Both A and B show fluorescence The results obtained parallel to those shown in Figure 6 for
time traces with 1 event initiated when photon counts exceed 2 the 3 attoL detection volume. The Supporting Information
and subsequently terminated when photon counts<dre contains a description of how the simulations were performed
and a summary of the results.

DISCUSSION

A

photons/5 ps

AL

0

\/W_L---/\-
40 60 80 1

time (JLsec)

Ficure 5: Fluorescence photon counts peu$ sampling time
interval from a 20 nm diameter fluorescent sphere diffusing through
a 3.4 attoL detection volume. Illumination is from fTIRM with a

photons/5 pus

0

- |-
0 20 00

Table 2: Measured Sphere Movement Characteristics for Various
Beam Profiles

. fRM- Fraunhofer diffraction in a clear circular aperture imaging
field depth (nm) invariable . . -

sphere size (nm) 20 100 system produpes the PSF with the fam|]|ar Airy pattern and
pinhole gm) 10 50 50 image resolution dependent upon the light wavelength and
[/ (A2 Y2 (us) 8/5 28/52 numerical aperturel@). The annular aperture variant is of

[ (AL 10/5 39/75 interest in astronomical applications where the central portion
_ uTiRM o of the telescope aperture is obstructed by the secondary
ge'ﬁe‘r’gghé”m maxz”(‘;a' Tg‘(‘)ma' mirror. The obstruction increases resolving power but
p?nhole @Lfn)( ) =0 50 decreases the contrast by narrowing the primary maximum
(Y ([OAD)2G) Y2 (us) 332/576 1950/2630 while lowering the primary intensity and increasing the
M (A2 Y2 493/868 3425/3505 intensity in the side lobes. The general intensity distribution

in the back aperture is the pupil function, and its manipulation
interface was constant at68°, corresponding to penetration to obtain a desired image intensity profile is a process called
depths of~160 and 100 nm for quartz and glass interfaces, apodization. Born and Wolf briefly review the subject and
respectively. The quartz coverslip produced more intensethe work contributing to its understandind 6. Lately,
fields in the water medium needed to detect the 20 nm interest in apodization is driven by the desire to improve
spheres in UTIRM (the focused spot in fTIRM produces a the resolution in microscope images, and elegant optimization

much more intense illumination than the uTIRM uniform
illumination).

The size and shape & under uTIRM illumination and
with the 50um pinhole is a cylindrically symmetric solid

methods have been described to design pupil functions in
excitation and emission collection pathways to achieve
desired goals for the PSF shap#l); Others have used

apodization to alter polarization properties of the microscopic

volume with an axial depth, defined by the evanescent field, excitation field for particular application82). Manipulating
that is much shorter than any lateral dimension. In this case,the image intensity distribution by use of obstructions in the
sphere diffusion characteristics are determined solely by thecircular aperture is aptly called PSF engineering using pupil-
evanescent field depth. A comparison of sphere diffusion plane filters, and the broad conclusion recently expressed is
characteristics in Tables 2 and 3 for the 20 nm spheres (50that pupil-plane filters alone cannot improve the resolution
um pinhole) and maximal evanescent field depth show that because they do not modify inherent limitations in the optical
the observed quantities fall between the simulated values forsystem to transfer information from the object to the image
100 and 210 nm field depths. Sphere diffusion characteristics (33). Annular illumination in our fTIRM system is a necessity
for the 100 nm spheres (50m pinhole) and minimal field  originating from the primary requirement to achieve total
depth show a good agreement with simulated values for theinternal reflection. Secondary to this, we find that the
100 nm field depth. resulting excitation profile defines a smaller than expected
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Table 3: Simulated Sphere Movement Characteristics for Various Beam Profiles

fTIRM
sphere size (nm) 20 100
field depth (nm) 100 210 100 210
pinhole /m) 10 25 50 50 50 50
BY/(QAYZ)Y2 (us)  12/11 43/62 43/67
(A2 Y2 (us) 14/12 72/83 78192
uTIRM
sphere size (nm) 20 100
field depth (nm) 100 210 100 210
pinhole tm) 10 25 50 50 50 50
LY (AL Y2 (us) 381/305 626/625 2089/2534 3226/4278
LI (LIAL)2)Y2 (us) 465/325 833/668 3527/3054 5766/5117

5000 interface B4). We used this excitation field profile to
compute the IPSF and th&fy. The IPSF and/4 for uTIRM-

3 derived data was similarly surmised for a laterally uniform
- 4000 excitation field profile (the profile in the axial dimension

S because of the evanescent field is essentially the same for
g 3000 uTIRM and fTIRM). Table 1 summarizes our results, where
] we see that the expected minimipis ~3 attoL for fTIRM

e and~7 attoL for uTIRM.

2000 Next, we characterized nanosphere Brownian motion with
the number- and fluorescence-intensity-residence duration
distributions,R, and R;.. Simulated data demonstrated that

1000 the mean and rms deviation &, [ and (At2[)Y? were

b b e e highly correlated withvy, implying that they are the appro-

0 10 20 30 40 50 60 priate parameters to monit®dy. A comparison oflil{ and
(CAP)Y? from Table 2 (experimental) and Table 3 (simu-
lated) indicated that our estimates fyin Table 1 are accu-
4700 : rate. The exception wa&dand (At?[)¥? observed from 20

nm spheres with fTIRM with the 50m pinhole, where the
calculated 15 attolVy is apparently too large. We suspect
that the side lobe contribution to the 15 attoL estimate does
not similarly contribute to the measured value because the
3700 fluorescence intensity excited by the side lobes is too close
to the background and ignored when data are processed by
the event detection rules. Figure 3 shows that the side-lobe
intensities are very effectively removed by use of gubd
pinhole. The same is true for the 28n pinhole (data not
shown).

2200 e Lo L 1 The combination of uTIRM and fTIRM illumination

0 5 10 15 20 modes is an effective means for providing a comprehensive
description ofVy. The size and shape & under uTIRM
illumination with the 50um pinhole is a cylindrically
FIGURE 6: Fluorescence intensity from SH1-labeled myosin cross- Symmetric solid volume with an axial depth, defined by the
bridges in a skeletal muscle fiber under fTIRM illumination evanescent field, that is much shorter than any lateral
producing ar~3 attoL detection volume. The top panel shows the dimension. As such, sphere diffusion characteristics are

raw data (green squares), baseline (black line), stepwise fit with ; : ;
eight variable height steps (blue line), and the residual between determined solely by the evanescent field depth. Using

the data and fit (red line). The bottom panel shows the raw data UTIRM with the 50um pinhole, we showed that 100 nm is
for the first 20 s of the curve. a realistic estimate for evanescent field depth.
The high concentration of myosin and other constituent

Va. A smallerVy helps achieve the experimental goal to selec- proteins in the fiber suggests that the myosin function could
tively illuminate single fluorescent-labeled protein molecules be dramatically impacted by the effects of molecular crowd-
in situ, where they operate in a crowded environment. ing (35). Our work demonstrates that evanescent field

Detection volumes for a variety of uTIRM and fTIRM illumination combined with confocal microscopy is a power-
setups were measured using the Brownian motion of ful and novel technique that succeeds in isolating fluores-
fluorescent nanospheres. To interpret fTIRM-derived data, cence from single-probed molecules in this demanding
we calculated the three-dimensional vector electric field application 24). Successful single-molecule detection re-
density near the focus for a large aperture lens with an quired low myosin cross-bridge-labeling efficiency. Skeletal
annular pupil function illuminated by a Gaussian laser beam muscle A-bands contair120uM myosin or~72 myosins/
undergoing total internal reflection at the coverslip/water attoL, implying that detection volumes ef1 attoL require

4200

photons/0.3 sec

3200

2700

time (sec)
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I The time-independent part of the electric field in image

o s space was shown to be
T/eo ; N/ glel , "
\ m . B(xy.) =" fQO a(s,s) exp(ksT)dQ (A1)
Gaussian \ObjeC“"e/ \ r where k is the wavenumber in image space,is the

A =A

i
Intensity Profile observation point vector in image space coordinatey,(

_ . 3 o o andz), Qo is the solid angle formed by all geometrical rays
FIGURE 7: Gaussian laser beam with electric field polarizatin passing through the exit pupil of the objective, and vector
is incident on the back aperture of an objective. The light ray at amplitude
heighth from the optical axis is traced through the aplanatic optical P
system to the focal point at origin O.

a(s,s) = fL(xy)cos’{0)e, (A2)

<10% labeling efficiency to isolate-7 myosins. Conse-
quently, we detect signals from cross-bridges for which it is
difficult to test in situ functionality. For instance, with10%
of the cross-bridges labeled, 100% loss of their ATPase or
contractility could be hidden by normal variability between
fibers. Nevertheless, sparse probe results are probabl
acceptable if confirmed by several probes, at the same and/ ™. ) A oo
or dif?erent points on myoysin. Furthrc)ermore, reliable single- n_s_m(a),lvheren is the rEfractlve index of the objective,
molecule experiments averaged over many molecules woulg9'V'N9 d=fNA/n. Let § = dp, then
agree with ensemble averaged results, where labeled fractions fAny2 X2
could be close to 1. Either or both controls could be L(0,¢) =L, ex;{—(m) {(sin 0 cos¢p — ?) +
performed to affirm conclusions on myosin dynamics derived ’
from in situ data detected from probed myosins. (sin@ sing — y_O) }] (A3)
Conclusion An annular pupil filter was used to produce f
a focused and total internally reflecting excitation beam in
a confocal fluorescence microscope. The evanescent field
lateral and axial intensity profiles convoluted with emission
collection intensity define a detection volumé,, for the
instrument that can be as small a8 attoL. The estimate
was checked experimentally by measuring characteristic
times for Brownian motion of fluorescent nanospheres
through V4. The fluorescence-intensity-residence duration
distribution for Brownian motion was shown to characterize
Vq via the mean and rms deviation of residence times. A
comparison of computed and measured values confifgms

Scalar Gaussian beam amplitude facta(xy) =
Lo exp{ —[(x — X0)?> + (Y — Yo)?l/wo?} for constant.,, and
(Xo,Yo) is the beam displacement from the optical axis. The
sine condition requirels = (X2 + y9)¥2 = f sin 0 (34). Then,

in o = dif for a, the half angle, and, the radius of the
pbjective aperture. Objective numerical aperture NA

We derive electric field vectoe; by following the steps
outlined by Richards and Wolf34).

For fTIRM, we want to know the focused field in the water
side of the glass/water interface formed by the cover slip
and sample. Define a meridional plane fixed coordinate frame
with origin at O, with thez axis parallel to the optical axis
and xz plane coplanar with the meridional plane for each
ray in image space. In meridional plane coordinates, the
electric field vector transmitting the interfacg, is

t i
~ 3 attoL. Isolation of single-labeled myosin molecules in ei‘ Thoo e:(

a muscle fiber demonstrates that the technique provides the §|=10 Ts 0 |g (Ad)
means to study protein dynamics in situ. e‘Z 0 0 T, €,

APPENDIX whereT,s values are Fresnel coefficients for fields parallel

o ) » i (p) or perpendicular (s) to the incidence plane anid the
Shape of the Excitation Fieldrhe exciting field shape  jcigent electric field vector. Fresnel coefficients depend
was calculated with geometrical optics for a Gaussian Iaserupon the angle of incidencé, and on the refractive indices
beam intensity profil_e at the entrance pupi_l of the objective i, the glassng, and watern,, (16). Image space coordinates
by the method described previousBA( 36). Figure 7 shows  (fixed to the interface and shown in Figure 7) are referred

system elements involved after the diagram by Richards andy, he meridional plane coordinates by the rotation matrix
Wolf (34). A light ray from the Gaussian intensit}) (rofile

in object space propagates parallel to and at a distance cos¢ sing O
from the optical axisZ) toward the aplanatic objective made m(¢) = | —sing cosg 0 (A5)
up of several elements. The refracted ray propagates in the 0 0 1

direction of the unit vectos making an angle&® with the

optical axis that it intersects at focus O. The focal sph&re  The transmitted field polarization vector in image space
is centered on O and has a radius equal to the focal lengthcoordinatesg), is then derived frone, with

f, of the system. The electric field polarization of incident

and refracted fields am ande,, respectively. The meridional T,00
plane is the plane formed by the ray in object and image etl =m(—¢)|0 Ts 0 |m(p)e, (A6)
space (plane ABO). The angle formed between the meridi- 00T

onal plane and the incident electric field, defined by vectors P

(g0,e0) and @1,€1), is conserved following refraction by the  The propagation vector transmitting the interface in meridi-
objective 34). onal coordinates i§sin 6;,0,cos6;} for n, sin 6; = ng sin 6
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(Snell's law) and co®); = [1 — (ng sin 6/n,)?]*2. The
transmitted field propagation vector in image space coordi-
nates

(A7)

The transmitted field follows from eqs AJA3 and
A5—A7, such that

e(xy.2 = -

—ikf QOL(0,¢)CO§’2(9)EI1 exp(kn, 3F)dQ

(A8)

SUPPORTING INFORMATION AVAILABLE

Methods and results from simulated fluorescence intensity

from probes in a lattice, imitating those on cross-bridges in
a muscle fiber and resident in the detection volume. This
material is available free of charge via the Internet at http://
pubs/acs/org.
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