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Fluorescence depletion measurements

in various experimental geometries provide
true emission and absorption anisotropies
for the study of protein rotation
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Abstract

Use of fluorescence depletion methods for measuring slow protein rotational diffusion has been limited by
failure to obtain, from depletion data, well-defined anisotropy functions dependent on the distribution of
either fluorophore emission or absorption transition dipoles, but not both. Such anisotropies would be directly
comparable to those obtained from phosphorescence emission or triplet absorption measurements. We now
describe such procedures applicable to cuvet and microscope experimental geometries, together with support-
ing experimental results. In cuvet measurements, the pump and probe beams are colinear and fluorescence is
collected at 90° to this axis. The data analysis procedure for this geometry has been suggested by Wegener
(Biophys. J., 46 (1984) 795) and permits calculation of the absorption and emission anisotropies and the
interdipole angle. In microscope experiments, fluorescence emission is collected along the pump / probe beam
axis. For microscope measurements, a new experimental procedure permits evaluation of absorption and
emission anisotropies when the interdipole angle is independently known. In either case multiple depletion
measurements are required, each with different relative orientations of the probe beam polarization, pump
beam polarization and emission polarizer axis. We have used these methods to calculate the time-dependent
anisotropies for eosin-derivatized BSA rotation in glycerol solutions in both experimental geometries. These
data correspond well with those obtained from time-resolved phosphorescence anisotropy measurements.
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changes in the motions of such proteins reflect
and /or modulate primary events in cellular acti-
vation. In particular, rates of rotational diffusion
(4] are sensitive measures of the size and mi-
croenvironment of these molecules. Experimen-
tally, rotational diffusion is quantitated through
the time decay of functions like the emission
anisotropy of probe chromophores attached to a
membrane protein. A useful parameter derived
from such analyses is the rotational correlation
time [5] (RCT), a quantity proportional both to
the in-membrane volume of the protein and to
the membrane viscosity. Although various meth-
ods have been developed to measure rotational
correlation times of cell membrane proteins [6-8],
only two of these are of broad and general appli-
cability.

The older of these methods is time-resolved
phosphorescence anisotropy (TPA), particularly
as employed by Jovin and collaborators [9]. Phos-
phorescent probes like erythrosin isothiocyanate
(ErITC) are excited by a few-nanosecond pulse of
vertically polarized light. Phosphorescence is de-
tected at 90° through an emission analyzer posi-
tioned alternatively vertically and horizontally.
These polarized emission signals decay by triplet
decay on the hundreds of microseconds to mil-
lisecond timescale [10] and by rotational relax-
ation of the probe-bearing macromolecules on
the tens to hundreds of microsecond timescale.
An appropriate combination of vertically and hor-
izontally polarized intensities yields a signal, the
intensity function, dependent only on the number
of triplet excited states. Similarly, another combi-
nation, the phosphorescence anisotropy, reflects
only the evolution of orientational asymmetry in
the sample.

The other, more recent method, introduced by
Garland and Johnson [11,12] as a microscope-
based technique, is termed by us polarized fluo-
rescence depletion [13-16] (PFD). This technique
combines the long lifetimes of molecular triplet
states with the sensitivity of fluorescence detec-
tion to measure protein rotational diffusion over
the same timescale as TPA but with over 1000-fold
greater sensitivity. This increase in sensitivity per-
mits examination of protein rotation on micro-
scopically selected individual cells. The method
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depends upon fluorophores like eosin isothio-
cyanate (EITC) which have substantial quantum
yields both for triplet formation and for prompt
fluorescence [17]. Rotationally mobile macro-
molecules labeled with such a chromophore are
irradiated by a low intensity, linearly polarized
probe beam. The resulting steady-state fluores-
cence is proportional to the number of ground
state chromophores whose absorption transition
dipoles are parallel to the probe polarization.
The sample is then subjected to a brief pulse of
high intensity, linearly polarized light. As a result
of this pulse, a substantial fraction of chro-
mophores undergo intersystem crossing to the
triplet state. These triplets can exist for several
hundred microseconds and, during this period,
they cannot be excited to fluorescence by the
probe beam. Thus, immediately after the pump
pulse, there is a depletion in sample fluorescence
which recovers back to the original steady state
by the mechanisms of triplet decay and rotational
reorientation.

The fundamental parameter characterizing
molecular rotational diffusion is the time-depen-
dent anisotropy function which establishes the
rotational correlation time and, hence, the rota-
tional diffusion coefficient of the rotating species
[18]. For emission experiments the anisotropy
function is simply calculated from observed
emission intensities as () = (I(¢), — 1(¢) )/
(I(£),+ 21(2) ). On the other hand the calcula-
tion of well-defined anisotropies from pump-
probe experiments is complex. Smith et al. de-
rived equations to calculate anisotropy functions
obtained from polarized photobleaching signals
gathered on a microscope-based instrument [19].
In their theory, however, they considered the case
where the absorption transition dipole is parallel
to the emission transition dipole. Axelrod also
dealt with such signals measured in a microscope
[20]. His treatment relaxed the constraint that the
transition dipoles be parallel but omitted explicit
relations between measured signals and anisot-
ropy functions. Other groups have presented the-
ories for obtaining absorption and emission ani-
sotropies from PFD data using non microscope-
based instrumentation [21-24]. Of particular in-
terest is that described by Wegener [25] and
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Wegener and Rigler [26]. They suggest a method
using “magic-angle” orientations of various polar-
ization axes to obtain anisotropy information from
pairs of intensity measurements in four experi-
mental geometries. We have recently modified
our cuvet PFD apparatus to operate in this con-
figuration. However, this experimental geometry
cannot be realized in a microscope. In this paper,
we describe a rigorous treatment of signals that
are obtainable in a microscope to yield both ab-
sorption and emission anisotropy functions given
the angle between the absorption and emission
transition dipoles.

2. Theory
2.1. General treatment

The concept and experimental methods of PFD
have been discussed in previous publications from
this laboratory. The following development shows
how these previous methods can be modified to
obtain true emission and absorption anisotropies.
We assume that a fluorophore is placed at the
origin of an x, y, z laboratory coordinate system
as illustrated in Fig. 1. The pump beam can,
without loss of generality, be assumed to propa-
gate along the x-direction and to be polarized in
the z-direction. The probe beam also propagates
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along the x-axis and its polarization vector a
makes an angle « with the z-axis. The various
mathematical symbols used in this paper are sum-
marized in the Glossary. We denote cos a as a -z
and sin « as [1 — (& -2)*]"/%. An emission polar-
izer is placed either parallel to the x-axis (in the
microscope case) or parallel to the y-axis (in the
90° case) and its polarization vector ¢ makes an
angle ¢ relative to the z-axis. We represent cos &
as e-z and sin ¢ as [1 — (e-2)?]. The azimuthal
angle between the a and e vectors is defined as
¢. The fluorescent probe contains an absorption
transition dipole u, whose orientation is defined
by the angles & and ¢. The probe also possesses
an emission transition dipole p. which makes a
fixed angle A relative to p,. The emission dipole’s
orientation is defined by 8’ and ¢'. We also
define the angle & as the azimuthal angle be-
tween u, and u.. From this, we see that ¢’ = ¢
+ 8. These relations are depicted in Fig. 1. In
what follows, we assume that |u,|=|p.|=1,

‘that these entities are fixed relative to the body of

the fluorophore, and that the rotational dynamics
are not altered upon excitation of the fluo-
rophore. In addition, as discussed by Aragon and
Pecora [27,28], we assume that the pump pulse is
short in relation to the rotational correlation time
of the sample.

We consider a distribution W(8, ¢, 8', ¢') of
ground-state chromophores whose orientations

VY <

Fig. 1. Definition of vectors and angles used in derivations. A cell being examined lies at the origin of the coordinate system. See
text for explanations of various quantities.
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are defined by the orientations of their absorp-
tion and emission dipoles [29). The orientational
asymmetries of this distribution are guantitated
by the emission and absorption anisotropy func-
tions r, and r,, respectively. These quantities are
defined by

ra=<P2(I‘a'a)>d (1)
re =Pyl b "€} )

where the (-); denotes an average over the
difference between the chromophore distribution
before the pump pulse and some time thereafter,
i.e. the ground state depletion. Actual depletion
data consist of fluorescence recovery traces ob-
served for specific sets of pump, probe and emis-
sion polarizer orientations. These signals nor-
mally depend on both the absorption end emis-
sion transition dipole distributions. Qur initial
goal is to find combinations of these signals, or
signals obtained in unusual geometries, that de-
pend on only the absorption or the emission
transition dipole distribution but not both.

The probability for excitation of a given chro-
mophore in this distribution by the probe beam is
proportional to (a - )%, while the probability for
emission of a photon along e is proportional to
(e m,)% Given that the fraction of ground state
chromophores excited in any given pulse is small,
the distribution function for a ground state chro-
mophore immediately after depletion is given by

1 B 2B

SO = 1; 1- EPO(COS 9) - TPZ(COS 0) (3)
where B/3 is the total fractional ground state
depletion and P, and P, are the zero and second
order Legendre polynomials, respectively. For an
excitation pulse that is short in comparison to
both the triplet lifetime and the rotational relax-
ation time, B /3 is given by
B 23031 A€}, P AL

3 hcN

where I, is the intensity of the depletion pulse,
A, is the wavelength of light of the pump beam,
eX; is the molar absorptivity of the fluorophore
for the pump beam, @, is the quantum yield for

(4)
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triplet formation, N is Avogadro’s number, ¢ is
the speed of light, / is Planck’s constant, and At
is the duration of the depletion pulse.

The fluorescence signals I observed in deple-
tion experiments are given by

I=31(a" m,) (e p)™ (5)

where the angled brackets denote an average
over the absorption and emission dipole distribu-
tion function. In turn, I, is given by

, 23033, 1B EA,n
0 NA,

(6)

where e}, is the molar absorptivity of the fluo-
rophore for the probe beam, [, is the intensity of
the probe beam, @; is the quantum yield for
fluorescence, E; is the detector efficiency, A, is
the probe beam wavelength, A, is the fluores-
cence emission wavelength and »n is the total
number of chromophores illuminated.

From Fig. 1 and the spherical trigonometric
identity for the cosine of the angle between two
arbitrary vectors in three-dimensional space, we
see that

(a°p)’
=(a-z)* cos®0 + [1 —(a -2)2] sin%0 cos’¢
+2(a -z)[l - (a-z)zll/2 cos 6 sin 8 cos ¢
(7
and that
(e-p,)’ = (e z)° cos?6’
+ [1 - (e -z)2] sin8’ cos®(e — ')
+2(e -z)[l —(e -z)z] v
X cos 8" sin ' cos(e — ') (8

We expand eq. (5) using the identities of egs.
(7) and (8), replace ¢' by ¢ + 8, and observe that
all experimentally realizable distributions are
cylindrically symmetric and thus are independent
of ¢. Then

I=31{(a-2)*(e-z)*(cos?0 cos?6") (9a)
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+1[1 - (a-2)"|(e-2)*(sin6 cos?6’y  (Sc)
+21-(a-2)[1- (e 2]

X (sin’@ sin®6'(1+2 cos®(e —=3)))  (9d)
+2a-2)1-(a-2)]"
><(e-z)[1-—(e'2)2]l/2

X {cos 6 sin 8 cos 0’ sin 6’ cos(e —8))}
(9¢)

Whenever either the probe or emission polar-
izations are parallel or perpendicular to the pump
beam polarization, the term labeled in (9e) van-
ishes as has been observed by Wegener [25]. The
first three terms can be observed independently
in both the 90° geometry and the microscope
geometry when ¢ =0 and £=0, a=0 and ¢é=
w/2, and a=m/2 and §=0 respectively. The
remaining terms become zero for these orienta-
tions. For convenience, we describe each of these
signals with respect to the polarization of the
probe beam and emission polarizer required to
isolate them, the pump beam always assumed
being z-polarized. Thus, we designate I, as the
signal obtained when the probe beam and emis-
sion polarizer are both z-polarized. This isolates
the term labeled (9a). Likewise, I,, represents
the term labeled (9b) and I, the (9¢) term. The
term labeled (9d) is really a superposition of two
observable signals that arise when a =w/2 and
¢ =m/2. Different azimuthal angles between a
and e give rise to two important cases. These are
designated as 1, and I, . The I, case is when
a is colinear with e.

Iy = 21,{sin?8 sin’8’(1 + 2 cos?8)) (10)

The Iy case is when a is orthogonal to e, ic. e
lies along the x-axis.

Iy = 21,{sin%g sin?6'(1 + 2 sin%)) (11)

The sum of these signals isolates the (9d) term
without the azimuthal angle dependence:

Iyy + Iyx = 31,(sin’@ sin®8") (12)
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2.2. Solution for 90° geometry

All five signals I,,, Iy, Iyz, Iyy and Iy, are
accessible experimentally in a 90° instrumental
geometry. Therefore, we can define signals E,
and E | representing the total emitted light po-
larized parallel and perpendicular, respectively,
to the z-axis by combining the three signals with
the desired emission polarization but excited by
the three orthogonal probe polarizations. These
sums thus reflect emission from all chromo-
phores, independent of the distribution of their
absorption dipoles. In particular

E“=Izz+21yz (13)
and
E, =Lyt Iyy+1yy (14)

From these we can write the emission anisotropy
r, as

re=(AE,—AE)/s (15)
where A represents the difference between the
predepletion intensity and the intensity at time ¢
for the indicated polarizations. The intensity

function s, the total number of excited (triplet)
state molecules, is given by

s=AE,+2AE, (16)

Similarly for the absorption anisotropy r,

A=Iz;+2Uyy (17)
and

A =Lty + 1y (18)
from which we can write

r,=(A4,—AA)/s (19)
where

s=AA4,+244, (20)

Inspection shows the definitions of s in egs.
(16) and (20) to be equivalent. This is necessarily
the case since s is determined solely by the popu-
lation of excited state molecules.



246

The evaluation of either anisotropy function by
this method requires five measurements using the
orthogonal polarization orientations accessible in
the 90° geometry. However, a more efficient ap-
proach for obtaining these functions has been
described by Wegener [25] and Wegener and
Rigler [26]. This approach uses a magic-angle
polarization scheme to observe either the light
emitted upon unbiased excitation of all chro-
mophores or light absorption as evidenced by
total emission over all polarizations. For example,
the parallel component A, of the absorption
signal is the depletion observed when the pump
and probe beam polarizations are rotated 45°
from vertical and the emission polarization is
rotated 35.3° from vertical. The signal obtained is
actually %A” since this signal represents a single
intensity measurement whereas those in egs. (17)
and (18) are a summation of three such measure-
ments. The perpendicular component A, is the
depletion measured when the probe beam is ro-
tated 45° relative to vertical and the other two
polarization axes remain as in the A4 case. This
creates a 90° angle between the pump and probe
beam polarizations, a 54.7° angle between the
emission and pump beam polarizations, and a
54.7° angle between the emission and probe beam
polarizations. The quantity observed is again
3A4 | . In a similar fashion, to observe the parallel
emission signal E, the pump and emission polar-
izations are both vertically aligned, while the
probe beam polarization makes an angle of 54.7°
relative to vertical. To observe E |, the pump
beam is polarized horizontally, the emission po-
larizer is rotated to an angle of 45° from vertical,
and the probe beam polarization is rotated 35.3°
from vertical. This creates a 90° angle between
the emission and pump beam polarizations, a
54.7° angle between the probe and pump beam
polarizations, and a 54.7° angle between the probe
beam and emission polarizations. Depletion mea-
surements in these geometries yield 1E j and 1E,,
respectively, and the emission anisotropy can be
computed as in eq. (15).

This method for obtaining the anisotropy func-
tions reduces the number of measurements from
five, as detailed in equations 13, 14, 17 and 18, to
four if both r, and r, are to be measured. If
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either r, or r, is to be measured alone, the
number of required measurements is further re-
duced to two. The utility of determining both r,
and r, was demonstrated by Kinosita et al. [21]
who showed that r(0)/r,(0) = Py(cos A) where
r0) and r,(0) are the initial emission and absorp-
tion anisotropies, respectively, P, is the second
order Legendre polynomial and A is the inter-
dipole angle. This provides direct determination
of the interdipole angle of the chromophore and
this quantity has to be independently known for
measurements in the microscope as discussed be-
low.

2.3. Solution for microscope geometry

The microscope case is unique in that all po-
larization axes lie in a plane. This implies that r,
and r, cannot be calculated from egs. (13) and
(17) because the Iy, signal, which is common to
both equations, is not obtainable in the micro-
scope. Likewise, Wegener’s method cannot be
used because the magic angle geometries neces-
sary to measure £ and A4, are not accessible
in a microscope. To circumvent this, we express &
in eq. (9) in terms of the interdipole angle A, 6,
and 8’ as

sin 6 sin 8’ cos 6=cos A —cos 6 cos 8’  (21)

to obtain the new relation
I= 3]0[{(a -2 (e-2)
+4{1= (a-2)][1 - (e-2)7]
+1 cos’A[1 = (a-2)*][1 = (e-2)]]
~2(a-z)[1 - (a-2)’]

X (e -z)[l — (e -z)z] 1/2}(00520 cos?6’)

1/2

(222)
+{3(a-2)[1-(e-2)]

+1 cosA[1- (a-2)7] [1 = (e-2)7]}

X {cos?0 sin*0’) (22b)



Thomas R. Londo / Biophys. Chem. 48 (1993) 241-257

+{[1-(a-2)"|(e-2)°

+1 coszz\[l —(a -2)2] [1 — (e -z)z]}
X (sin?@ cos?0") (22¢)
+{Hl—(a1f”1—(r2y1

+3 coszAll —(a -z)z] [1 - (e -2)2]}
X (sin’@ sin’6")

+{2 cos A(a -z)[l —(a -2)2]1/2

(22d)

X (e -z)[l —(e ‘2)2]1/2

-1 cos A[l —(a -z)Z]I/2
X [1 - (e -2)2]1/2}(c0s 0 cos 0’)] (22e)

The term labeled (22¢) contains cross terms in
6 and @’ that are not useful in calculating the
anisotropy functions. For this reason we wish to
eliminate it. To do this, we determine an experi-
mental geometry that causes each of the terms
contained in it to cancel. This occurs when both
the probe beam and emission polarizer are colin-
ear and at an angle of 63.4° relative to the pump
beam. We call this the I geometry. Upon
calculation and reduction

Tgas3 = 2 1,{— (3 — 4 cos®x){cos*0 cos0")
+(2 + 4 cos?A){cos?8 sin’g")
+(2 + 4 cos?A)(sin’8 cos8’)
+(2 + 4 cos?A) (sin®8 sin?9")) (23)
At this point we are able to write an expres-

sion for the microscope-based equivalent of Iy
+ I,y (cf. eq. 10).

25
(4 + 8 cos’A) ey
(3 — 4 cos?A)
mlzz —Izy—Iy;
(24)
Using eqgs. (10)-(14), (24), and a value for A,

the interdipole angle, we can write expressions
for the parallel and perpendicular components of

Iyy+1Iyy=
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the emission signal in analogy with eqs. (13) and
(14).

E,=lp;+2ly; (25)
E B I
L (4 + 8 cos®A) 6363
(3 — 4 cos?r)

+ @ 8oost) 2™ Iyz (26)

Substitution of the I, signal for the I, sig-
nal in eqs. (25) and (26) produces the absorption
parallel and perpendicular components. From
these expressions, we can now write the absorp-
tion and emission anisotropy and total intensity
functions for a microscope-based system.

r,=

25 Al
“l4+8cos?r O
3—4 cos®A

+mAIZZ_AIZY”/S (27)

.= [( AL, +2A1;)

25 AL
4+8cos?h 0%

3 —4 cos®A
+ 2
4 + 8 cos“A

AIZZ”AIYZ)]/S (28)

s=(Al;+2Aly;)

—— Al
4+8cos2h %
3 — 4 cos®A

Thus, r, and r, can each be calculated from
three separate fluorescence intensity measure-
ments. If both 7, and r, are to be calculated, the
number of required measurements is increased to
four.
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3. Experimental

We have constructed an instrument capable of
acquiring the signals necessary to calculate true
emission and absorption anisotropies in both the
90° and the microscope geometries. This instru-
ment is also capable of performing time-resolved
phosphorescence anisotropy (TPA) experiments
on cuvet samples.

3.1. Instrumentation

A block diagram of the PFD/TPA with our
instrument as used for 90° measurements on cu-
vet samples is presented in Fig. 2. The probe
beam, used only for PFD experiments, consists of
the 514 nm line of a Coherent Radiation Innova
90-3 argon ion laser. This laser operates in its
vertically polarized TEM,, output mode at 500
mW of power. The beam passes first through
neutral density filters, a Coherent Radiation 304d
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acousto-optic modulator, a computer-controlled
rotatable half-wave plate and a beam iris. The
acoustooptic modulator and iris function as an
optical switch serving two purposes. First, the
probe beam is switched off at the sample just
prior to the end of data acquisition. We treat this
period without probe beam as the zero signal
level for data analysis purposes. Second, by illu-
minating the sample only during data acquisition
period, we reduce chromophore photobleaching.
Next, the probe beam is expanded by a double
beam expanding telescope to approximately the
same size as the pump beam and is directed onto
the sample.

The pump beam used for PFD experiments is
the frequency-doubled 532 nm output from a
Spectra Physics DCR-11 Nd:YAG pulse laser fit-
ted with a prism harmonic separator and with
optics providing a pseudo-Gaussian beam profile.
This beam also serves as the excitation source for
time-resolved phosphorescence anisotropy exper-

SAMPLE CUVETTE Flitks ROTATING POLARIZER
A PHOTOMULTILER FER I
oped PREAMPLFE|
HERMOSTATTED
HOLDER NICOLEY 12/70
_J s
# I STEPPING AVERAGER
NOTOR
hyecd CRGUATNG ‘
WATE;NG WATER
BATH BATH STEPPING
woror [ STEPPING
CONTROL
BEAM
N SPLITTER |
N HALF WAVE
4 SPECTRA PHYSKS
r € | HARMONIC | ] HARMONIC DCR=11 P
I._ SEPARATOR | L-{GENERAT NO:YAG
NIRROR
] AQM
STEPPING |
A DRMER
e U [] INNOVA 90-3
BEAM L ARGON ION LASER
MIRROR EXPANDING

TELESCOPE HALF WAVE
PLATE

FLTER
HOLDER

Fig. 2. Block diagram of cuvet PFD /TPA instrument. See text for detailed explanations of the functions of the various components.
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iments. The beam passes through a rotatable
half-wave plate, which is computer controlled,
and is directed onto the sample colinearly with
the probe beam. The laser is operated at 10 Hz
with a vertically polarized TEM, output of 0.1-
1.5 mJ at the sample cuvet. The sample cuvet is
held in a thermostated holder mounted on a
breadboard adjacent to the main laser table. Flu-
orescence emission is collected along an axis 90°
to the probe and pump beam axis. In PFD experi-
ments, fluorescence passes through a concen-
trated sodium dichromate solution, a KV550
longpass filter, and 600 nm shortpass filter to
eliminate spurious signal due to laser beam scat-
ter, Raman emission or sample phosphorescence.
Emitted light is passed through a computer-con-
trolled rotatable polarizer and is focussed onto a
Thorn EMI 9816A photomultiplier tube, The
photomultiplier is equipped with fast gating elec-
tronics [30,31] with a rise and fall time of about
40 ns. This allows us to resume signal acquisition
within one datum after the pump pulse. The
photomultiplier tube output is amplified by a 100
MHz bandwidth, 100 V/uA current-to-voltage
converter and fed into a Tektronics model 453
oscilloscope. The vertical preamplifier output of
the oscilloscope is amplified about 3.5 X by a 70
MHz bandwidth buffer amplifier to drive the
0.5V input of a Nicolet 12/70 signal-averager.
Data are digitized at rates of 500 kHz to 20 MHz
with 8-bit precision and averaged in the Nicolet’s
20-bit memory, After acquisition is complete, the
data are downloaded to an 80386 microcomputer
for data analysis and storage. System timing is
controlled by a timing computer based on the
Metrabyte CTM-05 counter-timer and configured
to provide ten independent timing channels [32).
Two recent modifications of the optical system
are worthy of mention. The Gaussian output op-
tics of the DCR-11 laser have proved essential in
satisfactorily matching the Nd:YAG pump and
argon probe beam profiles at the sample, a quan-
tity that cuvet measurements have shown to be
critical. The other point concerns stability of
Nd:YAG laser pulses. Measurements showed
considerable downward drift in pulse intensities
with a typical 128-pulse sequence. This appar-
ently arises from resonator cooling between, and
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heating during, pulse trains. By firing the flash
lamp synchronously throughout the experiment,
but operating the Q-switch only when a pump
pulse is desired, an enormous improvement in
pulse is desired, an emormous improvement in
pulse stability has been realized.

The microscope-based system is essentially
identical to that described above, but with the
cuvet holder, collection optics and detector re-
placed by a Zeiss Universal fluorescence micro-
scope as described previously [14,29]. The princi-
pal difference in microscope-related components
relative to the previous microscope system is that
a rotatable emission polarizer has been placed
between the microscope photometer and a
fiberoptic bundle leading to the photomultiplier
tube which is now mounted on the laser table.

3.2. Data collection and analysis

3.2.1. Data collection

Samples typically consist of eosin isothio-
cyanate-conjugated proteins rotating in cell mem-
branes or in viscous solutions. Samples are deoxy-
genated by argon purging or by enzymic oxygen
scavenging [33] to provide adequately long triplet
lifetimes. Data collection is controlled by an 80386
microcomputer. An experiment involves collect-
ing data in two to four experimental configura-
tions characterized by the orientations of the
pump and probe half-wave plates and the emis-
sion polarizer. The signal averager is set to aver-
age into a specific block of memory, the three
rotators are moved to the desired configuration
and 128 recovery traces are averaged. A recovery
trace includes a number of points before the
depletion pulse, the period of fluorescence recov-
ery and a final number of points during which the
probe beam is gated off. The 100 ms between
laser pulses allows for complete decay of all
triplets. The active Nicolet memory region is then
moved and 128 background traces with probe
beam but without pump pulses are recorded. This
sequence is repeated for the other necessary ori-
entations to constitute one basic experimental
cycle. Experimental cycles are repeated until av-
eraged signals displayed on the Nicolet 12/70
exhibit adequate signal-to-noise ratios. Data are
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then downloaded to the host microprocessor for
analysis. It should be pointed out that, because
this is a depletion experiment, the background
traces are fully as important as the recovery traces
and so must be obtained with the same statistical
confidence.

3.2.2. Cuvet PFD data treatment

The realities of the optical system guarantee
that the intensities of pump pulses and probe
beam will vary according to the pump and probe
polarizations, respectively, and that that the de-
tector will exhibit different sensitivity according
the the setting of the emission polarizer. Satisfac-
tory results in PFD experiments depend upon
proper compensation for all these factors in each
experiment.

First, for each trace the average intensity dur-
ing the probe-off period at the end of the acquisi-
tion cycle (see Instrumentation section) is sub-
tracted from the average predepletion intensity to
yield an amplitude proportional to the product of
the probe intensity and detector sensitivity. Next,
each trace is scaled to make its amplitude agree
with that of the data trace of one particular
configuration. Then data traces are subtracted,
point for point, from their respective background
traces to vield corrected depletion signals. This
operation yvields depletion signals prefixed by a
“A”. Next, using emission anisotropy as an exam-
ple, the total intensity and anisotropy functions
are calculated by

s=AE +82AE (30)
r.=(AE,—gAE,)/s (31)

Here g is an instrumental constant close to unity
which reflects primarily the polarization depen-
dence of pump pulse intensities. This quantity is
evaluated daily from measurements on dye sam-
ples having long triplet lifetimes but short rota-
tional correlation times and is selected so as to
make r, for such samples equal to zero at long
times. Cuvet PFD data for absorption anisotropies
are treated in the same manner except that the
signals for A4, and A, were used in place of
those for £ and E | .
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3.2.3. Microscope PFD data treatment

Background scaling and subtraction are per-
formed as in cuvet PFD. For emission microscope
PFD data, s and r are calculated using

s=(Al;;+2A1y;)

2 2 Al
+ e
f 4+8cos2A 0%
3 —4 cos’A
+mAIZ2—AIYZ (32)

T, = {(AIZZ +2A1,)

25
_f ——Al 6363

4 + 8 cos?A

3 —4 cos?A

+ —_—
4+ 8 cos?A /8 (33)

AIZZ_AIYZ)

where f is an instrumental constant and A is the
interdipole angle (see section 2 for the discussion
leading to egs. 32 and 33). The constant f, and its
analog for absorption anisotropy, is evaluated
from measurements on dye solutions as described
above. Optionally, corrections can also be applied
to individual A7 signals to correct for the polar-
ization dependences of the pump beam intensity,
probe beam intensity and detector sensitivity [32].
The absotption intensity and anisotropy functions
are calculated in the same manner with the ex-
ception that the I,, signal was used instead of
the Iy, signal.

3.2.4. Analysis of intensity and anisotropy functions

In our experiments, s(¢) is fitted to a multiex-
ponential decay model to obtain the triplet life-
time(s) of the fluorescent probe and the ampli-
tude(s) of their decay. For most xanthine dyes
including eosin, two or three lifetimes are re-
quired to give a satisfactory fit. Results from the
lifetime analysis are then used to weight points in
a non-linear least squares fit of the anisotropy
decay data.

Statistical considerations show that the error
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o, in anisotropies obtained in depletion measure-
ments is given by

0. = 2\/17/s

where p, assumed to be constant, is the number
of photoelectron packets detected per channel
and s is described in egs. (30) and (32) for cuvet
and microscope signals, respectively. It can be
seen that depletion anisotropies are not as well
determined at long times as are those obtained
from phosphorescence emission since uncertain-
ties in the latter quantities are given by

0,=v2 /V3s (35)

Using a weighting factor w, =1/ permits
anisotropy decay data to be properly analyzed
according to a single- or multi-exponential decay
models. The single exponential model is usually
adequate for cellular data

r(t)y=r,+(ry—r,) exp(—t/9)

(34)

(36)
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Fitting r(¢) to eq. (36) yields the initial anisotropy
value ry, the limiting anisotropy value r, the
rotational correlation time ¢, and statistical un-
certainties in these quantities.

4. Results and discussion

Samples consisting of eosin isothiocyanate
(EITC)-conjugated bovine serum albumin (BSA)
in glycerol-water solutions were examined to ob-
tain time-dependent absorption and emission
anisotropy functions. Typical conjugation ratios
were 1-2 mol EITC per mol protein [33]. Sam-
ples were examined in both cuvet and microscope
configurations under various experimental condi-
tions. The results of these studies are presented
below.

4.1. Cuvet results

Figure 3 shows raw data obtained from a typi-
cal cuvet absorption PFD experiment. These data

2 .88E+84 -
-1.90E+84 -
-6 .68E+84 -
D/B (PAR)
-1 .13E+@5 9987 +/- .BA36
APARB ~~APARD D/B (PRP)
-1.60E+85 T r T r \ — T r . , 9826 +/- .8@35
PARD/PRPD
9706 +/- .8836
PARR/FRFE
2.88E+04 - .9549 +/- .00068
-1.98E+84 -
CGA
-6.6PE+84 - W95
-1.,13E+835 -
-
~1.60E+25 ————PFEFE S ORFD

-56 8 114 228 342 456

-56 B 114 228 342 456

Fig. 3. Typical raw data from cuvet absorption PFD experiment. The sample was 100 nM EITC-BSA in 90% glycerol at 15°C. The
y-axes are fluorescence intensities in arbitrary units while the x-axes are times in microseconds. The upper two plots are parallel
background and data traces, from left to right. The lower two plots are perpendicular background and data traces, from left to
right. “D /B (PAR)” and “D/B (PRP)” are the data-to-background predepletion intensity ratios for the parallel and perpendicular
traces, respectively. “PARD /PRPD” and “PARB/PRPB” are the parallel-to-perpendicular predepletion intensity ratios for the
data and background traces, respectively. “CGA” is the g-factor used in calculating the intensity and anisotropy functions.
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were obtained from a 100 nM sample of eosin
isothiocyanate-conjugated bovine serum albumin
in 90% glycerol at 15°C. The photomultiplier
tube photocurrent is fed directly into the oscillo-
scope preamplifier and appears as a negative-
going signal. The upper two plots of the figure
are the parallel background signal (left) and data
signals (right). The lower two plots are the per-
pendicular background and data signals. The
“D/B (PAR)” and “D/B (PRP)” values pre-
sented at the far right of the figure are the data
trace average predepletion intensities divided by
the corresponding background trace average pre-
depletion intensities. “D/B (PAR)” represents
the parallel data-to-background ratio and “D/B
(PRP)” is the perpendicular data-to-background
ratio. These values are used to adjust the magni-
tude of the background signals to the magnitude
of the recovery signals. As stated in the data
analysis section, this eliminates difficulties arising
from a variety of sources including irreversible
sample photobleaching. The “PARD/PRPD”
and “PARB/PRPB” values presented in the fig-
ure are used to propetrly scale the perpendicular
data and background signals to the corresponding
parallel signals. This compensates for variations
in probe beam intensity in different polarizations
arising from instrumental optics. The “PARD/
PRPD” value is the intensity ratio of the parallel
data signal relative to the perpendicular data
signal. The “PARB/PRPB” value is a similar
ratio for the parallel and perpendicular back-
ground signals. “CGA” at the lower right of Fig.
3 is the instrumental g-factor described in egs.
(30) and (31). This value accounts for differences
in pump beam intensities in different polariza-
tions.

Figure 4 illustrates the corrected absorption
depletion data corresponding to the raw data in
Fig. 3. The parallel absorption depletion signal is
the higher of the two and the perpendicular de-
pletion signal is the lower. Differences in the
initial regions result from the orientational
anisotropy of ground-state depleted molecules
produced by the polarized pump beam. Over
time, the molecules randomize rotationally in so-
lution and, eventually, the sample becomes orien-
tationally isotropic with respect to the ground

Thomas R. Londo / Biophys. Chem. 48 (1993) 241-257

3.70E484.
2.75E+04
1.60E+84
§.43E483
APAR
APRP
[ ]
-1, 10843
-9 ] 114 M2 4%

Fig. 4. Total depletion signals from a cuvet absorption PFD

experiment. The sample was 100 nM EITC-BSA in 90%

glycerol at 15°C. The y-axis is depletion intensity in arbitrary

units while the x-axis is time in microseconds. The upper

curve is parallel depletion A4, and the lower curve is the
perpendicular depletion AA | .

state depleted molecules. At this point, the paral-
lel and perpendicular signals coincide as seen in
the latter portions of the figure.

The time-dependent absorption anisotropy de-
cay implies by this figure is explicit depicted in
Fig. 5. The upper plot contains the absorption
total intensity function and the lower plot illus-
trates the absorption anisotropy function, both
calculated from the data in Fig. 3. Results from
non-lincar least squares fitting of these curves are
displayed to the right of the plots. Total intensity
data were modeled using a two-exponential decay
fitting function with constant baseline. From this
we obtained the baseline amplitude, the first
pre-exponential factor, the first exponential time
constant, the second pre-exponential factor, and
the second exponential time constant. These pa-
rameters are displayed immediately to the right
of the total emission plots and are labeled
“CONST”, “AMPI”, “TK1”, “AMP2” and
“TK2”, respectively. Also displayed in the figures
are the standard deviations of the derived param-
eters and the figure of merit of the fit “CHI2”.
When data are obtained via single photon count-
ing, this quantity is the reduced x> for the fit;
but, as here when data are recorded by digitiza-
tion of currents signals, it is simply an arbitrary
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Table 1
Cuvet PFD measurement of BSA rotation ?
Temp. r, (M° ¢, (us) © r, (04 b, (us) © A(deg) !
0
6.7 0.178+£0.073 1734 +124 0.121+0.006 2032 +439 275402
169 0.163+0.073 6185+ 8.17 0.11610.020 6945+ 4.30 26,0+03
28.3 0.156 +£0.027 28.70+ 2.40 0.118+0.018 3135+ 0.22 23.840.2

2 Sample consisted of 100 nM EITC-BSA in 90% glycerol.
® Tnitial absorption anisotropy calculated from eq. (19).

¢ Rotational correlation time determined from absorption anisotropy decay.

d Initial emission anisotropy calculated from eq. (15).

¢ Rotational correlation time determined from emission anisotropy decay.

[ Angle between g, and g..

measure of merit. The anisotropy decay was fit-
ted to eq. (36). Parameters derived from this fit
are the initial anisotropy “R(INIT)”, the final
anisotropy “R(INF)” and the rotational correla-
tion time “RCT”. These values and their associ-
ated standard deviations are displayed in Fig. 5
directly to the right of the anisotropy plot. The
figure of merit “CHI2” for this fit should also be
displayed but, due to a programming error, is not.

A summary of cuvet PFD results obtained
from samples containing 100 nM EITC-BSA in
90% glycerol at 6.7, 16.9, and 28.3°C is presented
in Table 1. This Table contains initial absorption
anisotropies, the rotational correlation time de-
duced from absorption anisotropy decay and the
estimated errors in these quantities. Similar in-
formation is provided for emission anisotropy
measurements. In all cases the limiting anisot-
ropies were statistically indistinguishable from
zero. Finally, the interdipole angle is estimated

from comparison of absorption and emission re-
sults. This latter quantity, averaging 26°, agrees
well with values reported for other xanthine dyes.

4.2. Microscope PFD results

The limiting sensitivity of the microscope PFD
method is shown by results obtained from sam-
ples containing 500 nM EITC-BSA in 90% glyc-
erol at 15, 20, and 25°C and presented in Table 2,
A value of 26° was assumed for the interdipole
angle as estimated from cuvet PFD measure-
ments. The Table contains the same quantities
reported in Table 1 except that the interdipole
angle is not calculated. The rotational correlation
times at various temperatures obtained by this
method are in good agreement with those ob-
tained using cuvet PFD (see Table 1). This is
despite the extremely small number of fluo-
rophores examined in each measurement. The

Table 2

Microscope PFD measurement of BSA rotation ?

Temp. r, @° &, (us) Uc r. O° o (us) ©

0

15 0.078+0.013 86.59+21.25 0.104 £0.012 1108 +21.8
20 0.091 4 0.003 4594+ 1.10 0.096 +0.012 6700+ 7.09
25 0.047+0.016 30.52+14.75 0.061 + 0016 3292+ 7.83

@ Sample consisted of 500 nM EITC-BSA in 90% glycerol. This represents only about 2,000,000 chromophores being examined
and was chosen to illustrate te limiting sensitivity of the method. A value of 26° was assumed for A.

® Initial absorption anisotropy calculated from eq. (27).

¢ Rotational correlation time determined from absorption anisotropy decay.

¢ Initial emission anisotropy calculated from eq. (28),

¢ Rotational correlation time determined from emission anisotropy decay.
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agreement of the microscope initial anisotropies
with those obtained from cuvet measurements is
not so satisfactory and this arises simply from the
very small number of chromophores being exam-
ined in these particular microscope measure-
ments. With more concentrated samples in the
microscope, good agreement with cuvet results is
obtained. From the sample concentration, sample
thickness, beam diameter on the microscope stage
and number of fluorochromes per protein, one
calculates that about 2,000,000 chromophores are
interrogated in each measurement from which a
usable anisotropy decay curve is obtained. This is
roughly equivalent to the number of fluoro-
chromes on the surface of five 2H3 cells bearing
EITC-conjugated IgE. From these data we con-
clude that we are very close to obtaining useful
rotation measurements of a particular protein
located on a single cell.

4.3. Preliminary cellular results

Before the current methods of data acquisition
and analysis were available, we performed pre-
liminary cuvet PFD studies on rat 2H3 mast cells
labeled with EITC-derivatized rat IgE [20]. Un-
fortunately, present knowledge shows that data
obtained at that time cannot be analyzed to ob-
tain quantitatively meaningful anisotropies. None
the less, results of this study show qualitatively
that signals adequate to measure protein rota-
tional correlation times could be obtained by
PFD observation of approximately 10* cells in
the beam path. The time required for such mea-
surements was the same as required for time-re-
solved phosphorescence anisotropy measure-
ments and less than 1/150 the time necessary for
comparable single cell PFD measurements, Cuvet
PFD studies of membrane protein rotation in a
variety of cellular systems are now underway us-
ing the techniques described in this paper.

4.4. Other aspects of instrumental characterization

Measurements on eatrlier instruments were
limited to rotational correlation times exceeding
10 ps. This system, with its fast PMT gate and
low jitter timing circuitry [30,31], permits the
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Fig. 5. Fitted intensity and anisotropy functions from a cuvet
absorption PFD experiment. The sample contained 100 nM
EITC-BSA in 90% glycerol at 15°C, The y-axis are intensities
in arbitrary units while the x-axes are times in microseconds.
The upper plot is the fitted absorption intensity function. The
lower plot is the fitted absorption anisotropy. See text for
explanation of the fitting parameters displayed to the right of
the plots.

measurement of faster rotational correlation
times than were previously obtainable. We have
tested this via time-resolved phosphorescence
anisotropy measurement of erythrosin isothio-
cyanate-conjugated bovine serum albumin rota-
tion in glycerol solutions of varying viscosity [20].
As the solvent viscosity was reduced from 2500 to
15 ¢P, the corresponding protein rotational corre-
lation times decreased from 316 to 2.5 us, respec-
tively. In more recent experiments rotational cor-
relation times as low as 500 ns have been mea-
sured. This ability to measure faster rotational
correlation times now permits rotational motion
studies of membrane proteins, such as Major
Histocompatibility Complex Class II antigens,
which have small in-membrane domains. Faster
digitization capabilities and more sophisticated
gating strategies will be necessary to measure
faster rotational dynamics. However, measure-
ment of such fast rotation seems of limited practi-
cal importance since all integral membrane pro-
teins we have examined to date have exhibited
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rotational correlation time within the time scale
currently accessible.

Theoretically, PFD measurements should be at
least 100 times more sensitive than analogous
TPA procedures. We are trying to realize this full
sensitivity. We can currently measure anisotropy
decay via PFD in cuvet samples containing 50 pM
EITC. This is about 20 times more sensitive than
corresponding time-resolved phosphorescence
anisotropy measurements. The major factor re-
ducing PFD sensitivity at low concentrations is
gating transients of the same magnitude as the
fluorescence signal.

5. Conclusions

Existing techniques such as time-resolved
phosphorescence anisotropy are often adequate
to measure protein rotation on large samples of
cells, However, if the cells to be examined must
be selected from within a large population based
on some morphological criterion, then micro-
scope-based methods with sensitivity adequate to
single cell measurements must be employed. As
stated earlier, the only such method currently
available is PFD. In this paper we extend existing
theory to permit calculation of well-defined
anisotropy functions from microscopic PFD ob-
servations. Our results demonstrate that knowl-
edge of the interdipole angle, along with three
separate fluorescence measurements, serve to de-
termine a true absorption anisotropy or a true
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emission anisotropy. This number is increased to
four independent measurements if both absorp-
tion and emission anisotropies are to be calcu-
lated. This corresponds with Wegener’s [25] the-
ory predicting that four independent measure-
ments are required to completely describe the
rotational behavior of a sample when measured
using other experimental geometries.

We previously constructed an instrument capa-
ble of measuring by PFD membrane protein rota-
tional diffusion on single cells [14,37]. This instru-
ment can now perform both PFD and TPA mea-
surements on cell suspensions contained in cuvets
as well as microscope-based PFD on single celis.
A single instrument able to gather data by all
three methods permits direct comparisons of the
relative advantages and disadvantages of each
technique. From our preliminary studies, it is
clear that the cuvet measurements provide greatly
increased signal-to-noise ratios when compared
to single cell measurements. On the other hand,
the ability to examine hand-sclected cells using
the microscope-based system, as opposed to large
ensembles of cells in the cuvet-based system, has
distinct advantages for cellular studies.
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