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Abstract

Biological molecules together with available labeling chemistries provide an ideal setting to investigate the interaction
between two closely spaced dye molecules. The photo-excitation of a donor molecule can be non-radiatively transferred to a
near-by acceptor molecule via the induced-dipole—induced-dipole interaction in a distance-dependent manner. In this work,
we further elaborate on single-molecule fluorescence resonance energy transfer measurements between two dye molecules
attached to a single protein — staphylococcal nuclease molecules [T. Ha, A.Y. Ting, J. Liang, W.B. Caldwell, A.A. Deniz,
D.S. Chemla, P.G. Schultz, S. Weiss, Proc. Natl. Acad. Sci. USA 96 (1999) 893-898]. Tempora fluctuations in the energy
transfer signal include: (1) reversible transitions to dark states; (2) irreversible photodestruction; (3) intersystem crossing to
and from the triplet state; (4) spectral fluctuations; (5) rotational dynamics of the dyes; and (6) distance changes between the
two dyes. To extract biologically relevant information from such measurements, an experimental strategy and data analysis
schemes are developed. First, abrupt photophysical events, such as (1)—(3) are identified and removed from the data. The
remaining slow, gradual fluctuations in the energy transfer signal are due to spectral shifts, rotational dynamics and distance
changes of the dyes. Direct measurements of each dye’s spectral fluctuation and rotational dynamics indicate that these, by
themselves, cannot fully account for the observed energy transfer fluctuations. It is therefore concluded that inter-dye
distance changes must be present as well. The distance and orientational dynamics are shown to be dependent on the binding
of the active-site inhibitor (deoxythymidine diphosphate) to the protein. The inhibitor most probably affects the protein’s
stability and the dye—protein interaction, possibly by amplifying the motion of the linker arm between the fluorophore and
the protein. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction optical (usually fluorescence) properties of individ-
ual molecules. Because only one molecule is studied
at atime, SMSis free from ensemble averaging and
alows one to test and compare microscopic theories
with experiments. SMS studies of recent years have
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The term single-molecule spectroscopy (SMS) has
been recently used to designate the investigation of
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surroundings [1,2]. Their emissions undergo rich dy-
namical fluctuations, due to unknown changes in the
environment, such as transitions to dark states and
spectral shifts. Most of these phenomena are hidden
in conventional ensemble measurements and can be
unraveled only by SMS.

The introduction of a second, test molecule, which
acts as an ‘artificial dominant environment’ can af-
fect the first molecule’s emission properties in a
dramatic way. When two fluorescent molecules are
brought in close proximity and are optically excited,
they can couple and exchange energy via interactions
such as induced-dipole—induced-dipole (Forster),
higher-order multipoles, electron exchange (Dexter)
and spin—spin interactions. SMS of molecular pairs
can therefore be used to study such interactions.
Moreover, SMS can provide not only information on
the interactions themselves, but can also give new
insights into the properties of individual molecules.
For example, ‘ blinking’, routinely used to denote the
reversible transition to a non-fluorescent state [3],
has been seen on many single-molecular systems
[4-9]. These experiments, however, did not reveal
the exact nature of the non-fluorescent state, for
example, is it a non-absorbing or a zero-quantum
yield state? As shown below, SMS on a single-
molecular pair decisively answers this question.

Positioning, by physical means, two molecules in
close proximity to each other but far away from
other pairs can be very challenging. The use of
biological macromolecules with relatively well-de-
fined conformations such as proteins, DNAs and
RNAs together with biochemical conjugation tech-
nigues provide convenient ways to construct such
test systems for the study of pair interactions. More-
over, the same close-range interactions can be used
to study the macromolecules themselves. Recently,
Forster-type fluorescence resonance energy transfer
(FRET) between a single donor molecule and a
single acceptor molecule was demonstrated [10] and
applied for the study of single biomolecules under
physiological conditions [11-13].

The great promise of single-pair FRET (spFRET)
isinitsability to monitor dynamic structural changes.
To become a reliable and widely used technique, a
detailed understanding of the transfer mechanism
and the photophysical properties of the conjugated
fluorophores must be gained on the single-molecule

level. The detailed knowledge of these phenomena
will alow the researcher to separate-out photophysi-
cal fluctuations from relevant biological information.
In this work, spFRET measurements of donor—
acceptor labeled proteins under physiological condi-
tions are presented. Various SMS measurements and
data analysis schemes are developed and used to
separate-out rich molecular pair photophysical ef-
fects from biologically relevant distance fluctuations
due to slow (millisecond) protein dynamics.

2. Single-pair FRET

In FRET measurements, two points of interest are
labeled with different dyes, donor and acceptor.
When the acceptor’s absorption spectrum overlaps
with the emission spectrum of the donor, and the two
dyes are brought into close proximity (2—-8 nm),
donor energy can be transferred non-radiatively to
the acceptor via induced-dipole—induced-dipole in-
teraction with arate k, that is inversely proportional
to the sixth power of the distance between the two
fluorophores. The decay rate of decay of the donor’s
excited state is the sum of al decay pathways:
k. + k,, + k;, where k; is the radiative decay rate
and k, isthe sum of &l other non-radiative decay
rates. The fraction of the donor excitation that is
transferred to the acceptor, or the energy transfer
efficiency, E, is given by:

E=k/(k+k +ky) =1/[1+(R/R). (1)

where R is the distance between the donor and
acceptor and R, is the distance at which 50% of the
energy is transferred (Forster radius), and is a func-
tion of the properties of the dyes:

R, = (8.79 % 10-°n~“%, Jk2)"® (A). (2)

n isthe index of refraction of the medium, ¢, isthe
donor quantum yield, J is the spectral overlap of
donor emission and acceptor absorption in nm* M1
cm~! units, and k2 is the relative orientation factor
of the two dipoles:

k2= (C0S 6, — 3COSOpr COSB,g)°, (3)

with 6p, the angle between the donor dipole mo-
ment, iy, and the acceptor dipole moment,
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. Opr is the angle between

—

Mp
and
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R

(the radius vector between the two dyes), and 6, is
the angle between

Fia

and

g

. With no a-priori knowledge of these angles, 0 < k2
< 4, presenting a large uncertainty in the determina-
tion of R, and therefore of R. It is commonly
assumed that the two dyes are freely rotating on a
time scale faster than the fluorescence lifetime. Un-
der this assumption the orientational factor can be
averaged to yield k2 =2/3[14].

The importance of Egs. (1)—(3) is that energy
transfer can be used as a spectroscopic ruler, as was
first convincingly shown by Stryer and Haugland
[15], i.e. one can determine distances by measuring
the extent of energy transfer (assuming that R, is
known). Subsequently, FRET has found extensive
applications in biological sciences because of its
ability to provide information on biomolecular dis-
tance scale for in-vitro and in-vivo conditions.

The first demonstration of FRET on a single-
molecule level (spFRET) used a DNA construct with
dyes attached at each end of the molecule. Energy
transfer efficiency was measured from the acceptor’s
photobleaching dynamics [10]. This measurement
used near-field excitation and emission spectroscopy
detection, with time resolution limited to seconds.
Also, in this early experiment, the, DNA was non-
specifically laid down on a dry surface with the
integrity of the DNA molecule and the relative coor-
dinates between the two dyes being uncertain. More
recently, spFRET measurements of freely diffusing
DNA constructs with variable donor—acceptor spac-
ing confirmed the distance dependence predicted by
Forster theory on the single-molecule level [11-13].

In the work presented here, a few improvements
for spFRET measurements are presented: (1) mea
surements are done under physiological conditions
with macromolecules immobilized at the glass—water

interface; (2) specific immobilization and agueous
environment help maintain the integrity of the
macromolecules; (3) the time resolution is improved
to the millisecond range by the use of far-field
excitation (confocal geometry), allowing stronger ex-
citation than possible with the near-field probe and
by splitting the two integrated emissions with a
dichroic mirror and detecting them using two
Avalanche photodiodes (APDs); and (4) a better
choice of dyes, allowing better separation between
donor and acceptor emissions, while still maintaining
large R,.

During this work, it was found that dyes were
attached to protein molecules display far richer dy-
namics than when they are conjugated to DNA
molecules. Various temporal fluctuations in donor
and acceptor intensities were detected. Some were
due to discrete dye photophysical events (not related
to pair photophysics), such as photobleaching, blink-
ing and triplet states. Others were due to the changes
in one or more factors that affect the energy transfer
process itself: the distance R, donor and /or acceptor
spectrum and hence their overlap integral J, donor
and/or acceptor dipole reorientation and hence «?,
and quantum yields of the dyes and hence the Forster
radius.

To better understand the factors contributing to
donor and acceptor emission fluctuations, a series of
control experiments were done: spectral fluctuations
and rotational dynamics were measured for each dye
separately. Spectral fluctuations are found to be neg-
ligible. Rotational dynamics are determined to be
negligible for the donor but significant for the accep-
tor. However, these dipole fluctuations cannot ac-
count for the large and gradual energy transfer effi-
ciency fluctuations that are observed. It is therefore
concluded that distance fluctuations are indeed mea-
sured. Contributions from protein conformational dy-
namics and their dependence on inhibitor binding
[11] are also discussed.

3. Experiment

Staphyloccocal nuclease (SNase) molecules were
labeled with tetramethylrhodamine (TMR) as the
donor molecule and with Cy5 as the acceptor
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molecule [11]. Donor labeling reaction was done first
and was specific to the a single cysteine residue in
position 28 (introduced by site-directed mutagenesis)
of the amino-acid chain in the protein. Acceptor
labeling was performed using an amine-reactive dye
and was non-specific in position due to the presence
of multiple amines in the protein. The yield of the
acceptor’ s conjugation reaction was intentionally kept
low. Only 15—-20% of the proteins were labeled with
acceptor, consequently reducing the probability for
multiple acceptor labeling of one protein. The pro-
tein molecules also had an artificial extension of
six-histidines at the carboxyl end, aiding the specific
immobilization to the nickel-derivatized surface of a
glass coverdip [11].

Ry, calculated from the known spectral properties
of the dyes (assuming «*=_2/3), is53 A. Since the
protein’s diameter is ~ 40 A, high degree of energy
transfer (E > 70%) is expected regardiess of the
acceptor’'s position on the protein (lower transfer
efficiencies were also observed on the single-mole-
cule level. See results and discussion below). The
two dyes emission peaks are separated by 100 nm
(570 nm for TMR vs. 670 nm for Cy5) warranting a
clear separation by a dichroic beam splitter with very
little cross talk. With the filter combinations used
(see below), there was no spilling of acceptor signal
into the donor detector while only 10% of the donor
signal leaked into the acceptor. Furthermore, the
absorption of Cy5 at the laser excitation wavelength
(514 nm) was 1/50 of its peak absorption, ensuring
negligible direct excitation of the acceptor. To en-
hance the photobleaching lifetimes of the fluoro-
phores, an oxygen scavenging system was used [16].

These spectral properties ensure that in a single
pair experiment, the signal at the donor detector, |,
is proportional to the true donor intensity 14,, and the
signal at the acceptor detector, 1, is directly propor-
tiona to the true sensitized acceptor intensity (en-
ergy transferred from donor) 1_,. The proportionality
constants m, and m, are dependent on the detection
efficiency of each molecule through the optical sys-
tem. It is shown in the results section that the energy
transfer efficiency can be determined from the mea-
sured Iy and 1.

Proteins were immobilized on the glass—water
interface with low areal density such that only one
molecule was under the laser excitation volume at a

time. Laser light (514 nm Ar ion laser, 15 pW,
circularly polarized) was focused to a 0.4 wm spot
using an oil immersion objective (Zeiss, Plan-
Apochromat, NA =1.4) in an epi-illumination ge-
ometry of a home-made scanning-stage confocal mi-
croscope. The fluorescence emission was collected
by the same objective and divided into two by a
dichroic beam splitter (long pass at 630 nm) and
detected by two APD counting units (EG& G Canada,
SPCM-200). A 585 nm band pass filter was placed
in front of the donor detector; a 650 nm long pass
filter was placed in front of the acceptor detector.
Since fluorescence detection spectral ranges are suf-
ficiently removed from the cutoff wavelength of the
dichroic beam splitter, the polarization dependence
of the detection efficiency of both donor and accep-
tor signal is negligible in our system. As shown
elsewhere [17], the polarization mixing due to the
high NA objective can also be neglected here.

To acquire donor and acceptor emission time
records, an automatic search, conditioned on the
acceptor signal, was employed [18]. This condition-
ing aided the screening for doubly labeled proteins:
with no direct excitation of the acceptor, only
molecules experiencing FRET could show acceptor
signal. Once a protein was screened, located and
positioned under the laser spot, donor and acceptor
time traces (5 ms integration time) were acquired.
The acquisition lasted until both molecules photo-
bleached. Using the oxygen scavenging system, typi-
cal time traces lasted for a few seconds.

Donor-only labeled proteins were used to study
spectral fluctuations of the donor. To separate out
dipole fluctuations from spectral shifts, the emission
was first passed through a band pass filter (matching
the donor emission), then through an analyzer which
selected only one polarization state. Lastly, the emis-
sion was split by a dichroic beam splitter (570 nm
long pass). The role of the analyzer was to bypass
the polarization-dependent transmission of the
dichroic mirror. Acceptor spectral fluctuations were
measured in a similar way on doubly-labeled pro-
teins by directly exciting Cy5 with the 633 nm HeNe
laser line. The two-halves of the donor (acceptor)
emission were recorded using the two APDs as in
SPFRET measurements.

Donor rotational dynamics was studied by record-
ing the excitation/emission polarization response of
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donor-only labeled proteins. The laser excitation po-
larization was aternated between two orthogonal
linear polarization states every consecutive data point
using an electro-optic modulator (ConOptics, M350).
The emission was first passed through a band pass
filter (matching the donor emission) and then split by
a broadband polarizing beam splitting cube into two
orthogonally polarized components which were de-
tected by the two APDs. Acceptor rotational dynam-
ics was measured on the doubly-labeled proteinsin a
similar way using the 633 nm HeNe laser line.

4. Results and discussions

Fig. 1 shows typical donor and acceptor time
traces measured for a single, doubly-labeled protein.
As can be seen, the acceptor signal is strong most of
the time while the donor signal is quenched, indicat-
ing high energy transfer efficiency (E > 0.9). About
30 out of the 100 molecules studied showed similar
time traces. The very high transfer efficiency is most
probably due to the short distance (compared to
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Fig. 1. Time traces of acceptor (top) and donor (bottom) intensi-
ties measured on a single inhibitor-free protein specifically immo-
bilized to the surface. Acceptor strongly emits due to the near
complete energy transfer from the donor. Blinking events occa-
sionally interrupt its emission. During acceptor’s blinking, donor
signal is increases because it can not lose energy anymore to the
acceptor. When the acceptor resumes its mission, the donor signal
is again decreased to its original low level. Two anticorrelated
blinking events occurred a ~ 2500 and ~ 2800 ms. The third
and final anticorrelated change happened due to the permanent
photobleaching of the acceptor at 2900 ms, followed by the
photobleaching of the donor at 3100 ms.

Forster radius) between the two dyes. At such short
distances, the pair emission is mostly sensitive to
discrete photophysical events. In the figure, the ac-
ceptor signal suddenly decreases to the background
level at ~ 2500 ms, but comes back to its original
level 50 mslater. Similar ‘ blinking’ events were also
observed for donor-only and acceptor-only labeled
proteins.

Blinking has been document for a variety of
systems such as dyes [4,5], photosynthetic systems
[7], fluorescent proteins [6] and nanocrystals [8]. It is
directly observed only by SMS and therefore often
used as an evidence for the single-molecule origin of
the signal. However, even multi-chromophoric sys-
tems such as conjugated polymers were shown to
blink [9].

Until now, the exact nature of the non-fluorescent
state was not known. Is it due to a non-absorbing
state, or is it the result of a zero (emission) quantum
yield state? Since it is very difficult, if not impossi-
ble, to directly measure the absorption (and therefore
the quantum yield) of a single molecule, this ques-
tion could not have been answered. It is shown here
that the induced-dipol e—induced-dipole interaction of
a single-molecular pair provides a way to indirectly
measure single-molecule absorption, hence conclu-
sively answering the above question. In Fig. 1, coin-
cident with the acceptor blinking, a momentary surge
in the donor signal is observed. It may be argued that
this surge could be a result of a sudden distance or
orientational change, but such effects would not
happen in an all-or-nothing manner as is shown here.
In addition, blinking of similar frequency was ob-
served from acceptor-only samples. We therefore
contend that the anti-correlated surge indicates that
acceptor’s non-fluorescent state is non-absorbing.
The donor was transferring al of its excitation to the
acceptor prior to the blinking event. During blinking,
it cannot transfer anymore energy to the non-absorb-
ing state of the acceptor. Once the acceptor returns to
its emitting state, the donor signal is quenched again.
Second anti-correlated donor—acceptor emissions due
to the acceptor blinking are seen at 2800 ms. When
the donor blinks, on the other hand, both donor and
acceptor signal disappear (data not shown). The in-
duced-dipole—induced-dipole interaction could also
elucidate the much debated nature of emission inter-
mittency of semiconductor nanocrystals [8,19].
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Another abrupt photophysical event is the photo-
destruction, or photobleaching, of the fluorophore.
That is, after a typical excitation and emission cy-
cles, excited molecules permanently switch to a
non-emitting state. In Fig. 1, the acceptor molecule
photobleached at 2900 ms, accompanied by a sudden
increase in the donor signal. This indicates that the
acceptor photobleached product is non-absorbing as
in the case of blinking. Eventualy, the donor
molecule photobleached as well at 3100 ms.

The amount of donor signal recovery upon accep-
tor photobleaching is related to the quantum yields
of the molecules (¢, and ¢,) and their overall
detection efficiencies (ny and m,). It can be easily
shown that y (=m¢,/mydy) is equivalent to
|A1,/Alyl, where Al, and Al, are the acceptor and
donor intensity changes, respectively, upon acceptor
photobleaching. [Al,/Al,| was determined from 45
acceptor photobleaching events, and its distribution
was centered at 0.8. Later, this y value we will be
used to determine energy transfer efficiency from
donor and acceptor intensities.

A third abrupt photophysical phenomena, com-
posed of short (millisecond) ‘spikes in donor and
acceptor intensities is also displayed in Fig. 1. Two
spikes at 2160 and 2280 ms are clearly resolved for
the acceptor channel. Spikes in the donor channel are
less pronounced. These spikes most likely manifest
transitions to and from the triplet state [20]. Fig. 2
shows such short transitions more clearly. As in the
case of blinking, donor and acceptor spikes are
anti-correlated: momentary drops in the acceptor
emission are accompanied by simultaneous increases
in donor signal. The drops in the acceptor signal are
often shorter than the integration time (5 ms) and
therefore not fully resolved. On the single-molecule
level, triplet states were first observed indirectly,
through fluorescence bunching, as reveadled by the
autocorrelation of the emission intensity fluctuations
[21]. Later, they were directly detected as discrete
guantum jumps in the emission [22]. In an oxygen
deficient system, the dye's triplet state lifetime can
be elongated to the milliseconds range. Under such
conditions, room-temperature fluorescence time
traces display telegraph-noise like short dark periods
in the emission each time the dye is shelved in the
triplet state [20]. This rapid blinking behavior is
distinct from the slower blinking discussed before.

100 Acceptor

(42
o
L

Counts(5ms)

250 500 750
Time (ms)
Fig. 2. Time traces of acceptor (top) and donor (bottom) intensi-
ties intensities measured on a single inhibitor-free protein. The
donor signal momentarily surges severa times due to the accep-
tor's transition to the triplet state. During these transitions the
donor can not lose energy to the acceptor and therefore it emission
spikes up. The spikes occur only when the acceptor signa is low.

They are much more frequent and much shorter in
duration. In the current measurement (Figs. 1 and 2),
the time resolution is not fast enough to fully resolve
individual transitions to the triplet state. Y et, some of
the longer transitions are visible in the form of sharp
anticorrelated spikes. The spikes are not visible when
the oxygen scavenging system is not used, support-
ing their triplet state origin.

The above measurements suggest an intriguing
possibility for studying cooperative quantum jumps
of two molecules. Intersystem crossing to and from
the triplet state has a relatively dow rate (microsec-
onds to milliseconds) because it involves a forbidden
transition which requires a change in the spin state of
the molecule. Using a DNA (or another macro-
molecule) construct with two very closely spaced
(few A) fluorophores might allow one to observe
cooperative intersystem crossing transitions in a way
that will conserve the total spin of the system. Simi-
lar cooperative quantum jumps have been measured
for single ions in radio frequency traps [23].

Once the origins of blinking, photobleaching and
triplet state spikes were determined, the following
analysis was employed to discount their effects such
that other factors contributing to the temporal fluctu-
ations of energy transfer could be further investi-
gated. After subtracting the background signal from
donor and acceptor time traces a median filter with
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five points average was applied to remove triplet
spikes. Next, data points that showed simultaneous
dark counts on both detectors due to donor blinking
events were disregarded from the time traces.

Energy transfer efficiency time trace was then
obtained by using the relation: is E(t)=[1+
19b,/124171, where 1) and 12 are the true donor
intensity and the true sensitized acceptor emission,
respectively. 12 and 12 are related to the measured
intensities |, and 1, by proportionality factors of
and m, that account for the overal instrument detec-
tion efficiencies for both fluorophores. Therefore, E
can be written as; E(t)=[1+ yly/I,]"" with a
correction factor y as defined above (determined to
be 0.8). It is emphasized that this analysis is valid
only when the direct excitation of the acceptor and
the donor leakage into the acceptor channel are
negligible, such that 1, can be considered to origi-
nate entirely from the energy transfer process. Once
E(t) was determined, its E and its autocorrelation
function G.(t) were caculated. Data points with
E < 0.3 were excluded to disregard acceptor blinking
events. Gg(r) for 7> 0 was then fit to: f(7)=
aZ exp(—7/7¢) and the fluctuations amplitude, ag,
and time scale, 7, were extracted. It is noted that
the shot noise contribution to the fluctuations is
automatically discarded by the autocorrelation func-
tion while the temporally correlated fluctuations are
retained.

Representative donor and acceptor time traces
from a single protein molecule together with the
above analysis are shown in Fig. 3. Only a section of
the full time traces that does not show blinking was
chosen. Both acceptor and donor signals display
significant and gradual fluctuations (Fig. 3a and b).
The calculated E(t) fluctuations (Fig. 3c) drop be-
low E=0.5 severa times, a too low transfer effi-
ciency value for a maximum separation of 40 A
(protein diameter) between the two dyes. In fact,
only 48 protein molecules (out of 100) showed
time-averaged transfer efficiency of 84% < E<
100% with presumed donor—acceptor distances
smaller than 40 A. 52 molecules displayed too low E
values between 45% < E < 84%. These discrepan-
cies suggests that either many protein molecules
were denatured, or that R,, a concept that was
developed for ensemble FRET measurements, is a
mere parameter of convenience and should not be
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Fig. 3. Time traces of acceptor (top) and donor (middle) intensi-
ties measured on a single inhibitor-free protein. A median filter
was applied to reduce the noise caused by triplet states. There are
large and gradual fluctuationsin |y and |, that occur over tens of
milliseconds. The FRET efficiency time trace (bottom) is calcu-
lated from E(t) =[1+yly /1,17 (see text).

taken on its face value for the anaysis of spFRET
experiments. Because of local environment effects,
R, can change from molecule to molecule or even
vary in time for a particular molecule due to alter-
ations in molecular parameters. It is therefore con-
cluded that E(t) fluctuations can be caused either by
changes in the distance R, or by changes in R,
according to: E(t) =[1+ {R(t)/Ry()}°]" L. As
demonstrated below, one of the main contributors to
R, fluctuations is the orientational factor «2.

R, depends on the spectrum of the two dyes, the
donor quantum yield and the relative orientation of
the two dipoles. TMR spectra fluctuations were
separately studied on donor-only labeled proteins.
Cy5 spectral fluctuations were studied on doubly
labeled proteins by exciting the acceptor with the
HeNe laser. In each case, the fluorophore' s emission
was split into two components with a dichroic beam
splitter centered at the peak emission of the dye. The
short- and long-wavelength components were mea-
sured separately using the two APD detectors.

Cy5 representative spectral traces are shown in
Fig. 4. Both short- and long-wavelength components
fluctuate together through multiple blinking and
spikes without any noticeable change in their relative
ratio. Similar results were obtained for TMR. From
such measurements, an upper limit of 2—3 nm can be
placed on donor and acceptor spectral shifts. Such
low values insignificantly affect the spectral overlap
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Fig. 4. Acceptor’s spectral time traces detected at the short-wave-
length detector (top) and long-wavelength detector (bottom) on a
single inhibitor-free doubly-labeled protein. The 633 nm line of a
HeNe laser directly excited the acceptor. The emission was split
into two by a dichroic beam splitter. Both traces show correlated
fluctuations with little change in their ratio.

J (donor emission spectrum and acceptor absorption
spectrum are both broader than 530 nm).

The donor quantum yield, which is aso included
in the expression for R, (Eq. (2)), cannot be deter-
mined for a single molecule because its absorption
cannot be measured. However, as we will conclude
from the rotational dynamics analysis presented be-
low, donor’s intensity fluctuations other than blink-
ing are mainly caused by its rotational dynamics.

Rotational dynamics of each dye were measured
by alternating the laser linear excitation polarization
between two orthogonal directions, s and p while
analyzing (with a polarizing beam splitting cube) and
measuring the two emission components on two
detectors, I and 1,. The s and p axes are defined
relative to the cube. Fig. 5a shows a single-donor
signal measured on a protein labeled with TMR only.
Both I and I, show periodic fluctuations (with a
period of two consecutive data points) resulting from
the successive alternation of the excitation polariza-
tion. Iy and 1, are generaly anticorrelated. When
their intensities are averaged for each two consecu-
tive data points (as if the excitation was with a
circularly polarized light), they display similar aver-
age intensities.

As previously shown [24], such behavior indicates
arelatively unhindered and rapid rotation of the dye.
When a dipole is rotating much faster than the data

acquisition time, a dynamic photoselection process
gives rise to the anticorrelated relationship between
Ig and I,. During its rotation, the dye is preferen-
tially excited when its dipole is aigned with the
instantaneous laser polarization. If the rotationa dif-
fusion during the excited state lifetime is insignifi-
cant, the emission will also be mostly polarized
aong the laser polarization. Therefore, s-polarized
laser excitation will result in a much stronger signal
on the |, detector, while p-polarized light will pro-
duce a stronger signal on the |, detector, and hence
anticorrelation dependence between the two.

The modulation depth of these signals contains
information on the rotationa diffusion time scale.
The data points in Fig. 5 can be written as 1;;, with
the first index denoting the emission (analyzed)
polarization and the second index denoting the exci-
tation polarization. It can be shown that /I, =
lpp/1ps =3 for an unhindered rotation with a time
scale slower than the excited state lifetime (assuming
that the absorption and emission transition dipoles
are parallel). The data in Fig. 5a show a modulation
depth with a /I, ratio that is smaler than 2,
suggesting a significant depolarization, and therefore
sub-nanosecond rotational diffusion during the ex-
cited state lifetime.

To quantify the rotational fluctuations of the dye,
effective average dipole angle parameter 6,,(t) is
defined in the following way:

Bem(t) =tan"*[{155(N) + Iss(n))

/{lps(n+ 1) + 1,,(n+ 1))] . (4)

l;; are a set of four consecutive data points taken at
times n and n+ 1. When 6,,,(n) assumes a value of
0., = 45°, the dipole is either fixed along the 45°
angle (measured from the p axis), or it rapidly
rotates with little or no restriction. In contrast to the
single-molecule polarization experiments performed
by Warshaw et a. [25], the polarization modulation
employed here lifts such ambiguity. The anticorrela
tion behavior in Fig. 5a clearly indicates rapid rota-
tion. A fixed dipole, on the other hand, will show a
correlated relationship between the two signals, with
the relative intensities at same time (n) points deter-
mining the dipole angle: = tan™"[1.,(n)/I,(M]*®
=tan [l (n+ 1) /1,{n+ DI°°. When 6, > 45°
or 6, < 45°, individual time points can again indi-
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Fig. 5. Polarization responses of single donors attached to inhibitor-free and -bound forms of TMR-only labeled proteins. (a) Donor
polarization s and p time trace for an inhibitor-free protein. (b) Donor polarization s and p time trace for an inhibitor-bound protein. The s
detector signal, (1), is denoted with squares with thick lines; the p detector signal, (1,,), is denoted with circles and thin lines. The laser
excitation was alternated between s and p polarizations for every data point. Both (a) and (b) show anticorrelation between I and |,
detectors, evidence for rapid rotation of the donor. Inhibitor binding (b) causes an asymmetry in between 1 and |, (or their ratio) that
changes over time. This effect is also shown in the histograms of the angle parameter, 6 for the inhibitor-free (c) and the inhibitor-bound (d)

proteins (see text).

cate a fixed dipole (at 6, degrees from the p axis).
However, consecutive time points in a modulation
experiment indicate a rapid rotation of a dipole that
is rotationally hindered to a cone. An example is
given in Fig. 5b. The data were acquired from a
donor-only labeled a protein with its active-site in-
hibitor bound to it. The entire time trajectory of Fig.
5b shows an anticorrelation relationship between I
and 1, indicating rapid rotation. However, the ratio
ls;/1,;, and therefore the instantaneous emission an-
gle, slowly fluctuate. This measurement is consistent
with a hindered rotational diffusion within a cone
whose axis is precessing on a milliseconds time
scale. Such rotationa fluctuations were not seen
from the donor when it was conjugated to the in-
hibitor-free state of the protein (Fig. 5a). The active-
site inhibitor also causes an increase in the modula-
tion depth, indicating a slower time scale for the
rotational diffusion.

In a similar way to the analysis of E(t) fluctua-
tions, 6,,(t) was calculated from the raw data, and
its time-average, 6, and its autocorrelation function,
Gg(7), were computed. Gg(7) for 7> 0 was fit with
agzexp(—71/75), where ag and 75 are the dipole
fluctuations amplitude and time scale, respectively.
Again, only temporally correlated fluctuations are
retained in ax.

The same polarization modulation data sets were
also analyzed for the fluorophore's intensity fluctua-
tion. A time trgjectory of the intensity was extracted
from the raw data according to: I(m)=1g,(n)+
l(n) + 1, {(n+ 1)+ lp(n+1) (n=2,4,6,... —
this operation reduces the data range and the tempo-
ral resolution by a factor of 2). Blinking events were
excluded from the analysis. Again, the autocorrela-
tion of 1(m) was calculated and fit with
aZ exp(—7/1,). Although 75 and 7, varied over a
wide range (10 ms to 1 s) among molecules, their
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ratio for individual molecules did not vary by more
than a factor of 2. This observation suggests that the
intensity fluctuations (excluding blinking and inter-
system crossing) are mainly caused by the dye's
rotational diffusion, while spectra fluctuations and
the changes in quantum yields are negligible.

Fig. 5¢ shows the distribution of 8 measured for
single donors attached to inhibitor-free Snase
molecules. A narrow distribution, centered at 45°, is
evident for the free proteins, implying a relatively
unhindered, rapid rotation of the dye. Thisrotation is
severely restricted and becomes highly anisotropic
upon inhibitor binding, as can be concluded from the
larger 6 scatter in Fig. 5d.

Similar measurements were performed on accep-
tors of doubly-labeled proteins (using the HeNe
laser), with and without the inhibitor. Acceptors
exhibited considerable rotational fluctuations even in
the case of inhibitor-free proteins. The addition of
the inhibitor did not change qualitative outcome
(data not shown). Since the acceptor labeling was not
specific, these results are harder to interpret. Possible
explanations might involve acceptor—surface and/or
acceptor—protein interactions that produce dipole
fluctuations. For example, some acceptors can be
attached to sites that are very close to the C-terminus
of the protein, where it is anchored to the surface
through the histidine tag. Interaction with the surface
can greatly perturb the rotational degree of freedom.
The donor attachment site (cysteine 28), on the other
hand, is ~40 A away from the C-terminus (de-
termined from the crystal structure) so that surface
interactions are less likely. In fact, polarization mod-
ulation measurements on donor-labeled, inhibitor-free
proteins that were non-specifically attached to the
surface showed significant rotational fluctuations
(data not shown). This observation asserts the impor-
tance of specific immobilization that orients the pro-
teins with respect to the interface and therefore
reduces the ill effects of dye—surface interactions.

Coming back to the energy transfer fluctuations,
the polarization modulation studies now allow us to
significantly reduce the uncertainty in 2. The worst
case scenario of afixed acceptor at a random orienta
tion and a freely and rapidly rotating donor automati-
cally limits k2 to: 1/3 < k? < 4/3[26]. This uncer-
tainty contributes to E(t) fluctuations according to:
AE =E(1 - E)Ak?2/k?. The mean value of the ori-

entational factor, «?2, and its distribution width
(standard deviation), Ak?, were determined by nu-
merical simulations according to the above assump-
tions. The solid line in Fig. 6a shows this limit,
representing the maximum possible contribution of
the dyes rotational fluctuationsto A E. This estimate
is a very conservative one because the acceptor is
amost never at areally fixed orientation. Therefore,
Ak? should have even a narrower range. Also dis-
played in Fig. 6a is a 2D scatter plot of E(t)
fluctuations amplitude, ag, plotted against the time-
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Fig. 6. (a) Scatter plot of E(t) fluctuations amplitude, ag, vs. the
mean energy transfer efficiencies, E, for inhibitor-free (empty
squares) and inhibitor-bound proteins (filled circles). The scatter
in E possibly reflects the nonspecific labeling of the acceptor.
The solid line represents the maximum possible contribution of
acceptor’s dipole fluctuations to ag for inhibitor-free proteins. (b)
Histogram of E(t) fluctuation time scales, ¢, for 100 inhibitor-
free proteins. The values range from 10 msto 1 s, with an average
of 41 ms. (c) Histogram of E(t) fluctuation time scales, ¢, for
inhibitor-bound proteins. These time constants are considerably
larger (average = 133 ms) than the ones measured for inhibitor-free
proteins.
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average of E(t), E, for free proteins (squares) and
inhibitor-bound proteins (circles). Most data points
(except for 3) have fluctuations amplitude well above
the solid line, suggesting the rotational fluctuations
alone cannot account for the observed E(t) fluctua
tions measured for inhibitor-free proteins.

Since it has been reasoned above that spectral and
quantum yield fluctuations are negligible and that
rotational fluctuation of the dyes cannot alone ex-
plain the fluctuations in the energy transfer effi-
ciency, it is concluded that significant distance fluc-
tuations between the two dyes must be present. This
conclusion does not necessarily mean that E(t) fluc-
tuations directly reflect protein conformational dy-
namics. Because of their tethers, dye reorientations
can entail repositioning and changes in their inter-
distance. In fact, protein conformational dynamics, if
present at all, is likely to affect its interactions with
the dyes, resulting in the amplification of the tethers
movements and dipole reorientations. However, it is
possible to infer the contribution of conformational
dynamics by comparing E(t) and 6,,(t) fluctuations
for the inhibitor-free and -bound states of the protein.
The crystal structures of both forms are known and
their differences are very subtle. Although the accep-
tor is non-specifically bound and its location is un-
known, it is very unlikely that inhibitor binding will
change the static distance between the donor and the
acceptor significantly enough to be detected by
time-averaged FRET. Fig. 6a shows that indeed both
E and a distributions are essentially the same for
the two cases. Nonetheless, statistically significant
different E(t) fluctuations time scales, 72's, are
detected for the two states of the protein. Fig. 6b and
¢ show 7 histograms for ~ 100 molecules of in-
hibitor-free and -bound proteins, respectively. The
average values of these distributions are determined
by a fit to a single exponent. The E(t) fluctuations
of the inhibitor-free protein are roughly 3-fold faster
than the fluctuations time scale measured for the
inhibitor-bound protein (41 ms vs. 133 ms). Given
the number of proteins studied, the probability that
this difference is caused by statistical aberrations is
very small (< 0.1%). Slower fluctuations time scale
suggest that inhibitor binding stabilizes the protein,
and supports the notion that E(t) fluctuations indeed
report, at least in part, on protein conformation dy-
namics.

It was shown that inhibitor binding affects the
dynamics of the dyes in two ways. First, it induces
increased rotational fluctuations of the donor which
may be the result of the direct interaction between
the dye and the inhibitor. Second, it slows down the
fluctuations of energy transfer efficiency. It can be
argued that the second observation is a manifestation
of the first. However, increased rotational fluctua
tions of the donor will cause, if at al, faster energy
transfer fluctuations upon inhibitor binding, in con-
trast to what is observed. It is therefore deduced that
at least part of the observed E(t) and 6,,,(t) fluctua
tions must be caused by millisecond structural fluc-
tuations of the protein itself. Although the exact
mechanism is not known, it is believed that the
linker between the protein and the dye (tether) am-
plifies the protein's structural fluctuations. Using
constructs with different length dye tethers might
further elucidate these results.

5. Conclusions

A variety of dynamical phenomena were mea
sured using two dyes attached to a single protein.
None of these observations could have been made on
the ensemble level. This study, therefore, clearly
illustrates the power of single-molecule fluorescence
spectroscopy. Dye photophysics such as blinking,
photobleaching and intersystem crossing to the triplet
state affect the FRET signal between the donor and
the acceptor in a significant but identifiable way so
that their effects could be discounted in a subsequent
analysis. It was shown that both rotational dynamics
and distance fluctuations cause the remaining fluctu-
ations in the FRET signal. A comparison between
the inhibitor-free and -bound forms of the protein
suggests that protein conformational dynamics is at
the origin of these remaining fluctuations.

Single pair FRET is a powerful technique which
has the potential to advance our understanding of the
conformational states and dynamics of biological
macromolecules in equilibrium, upon ligand binding,
during folding and denaturing, or during catalysis, in
ways which ensemble methods cannot even address.
It is noted that spFRET can be a more powerful
technique than single-molecule polarization study of
single molecules because the former probes the inter-
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nal conformational states in the center-of-mass frame
of the system, hence it is less prone to complications
due to the overall motion of the macromolecule
itself. Nonetheless, using two non-interacting, differ-
ent dyes, and two excitation beams, it might be
possible to measure relative orientational changes
between two sites.

The current study uncovers many interesting dy-
namics of dye photophysics and protein conforma-
tional fluctuations. Detailed understanding of the
structural changes, however, has not been attained.
Non-specific labeling of the acceptor is one reason.
SNase being a small globular protein that does not
exhibit large conformational changes under the ex-
perimental conditions described here is another. The
SpPFRET methodology will be greatly enhanced if
dye—protein conjugation chemistries are further im-
proved and developed to allow site-specific labeling
of both donor and acceptor. Furthermore, utilizing
the technique to the study of macromolecules that
display large conformational changes will simplify
interpretation of the results. In that case, signal fluc-
tuations due to dye photophysics and linker dynam-
ics can be less significant compared to the changes
resulting from large conformational changes. The
technique may also prove useful for studying the
interaction between two separate biological
molecules, one labeled by with a donor, the other
with acceptor [11,12]. After al, what other configu-
ration can give rise to larger distance changes than
the association and dissociation of two molecules?
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