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Abstract

We describe the theory and practical aspects of analyzing fluorescence anisotropy decays in terms of correlation
times distributions. In our model the rotational motions of the fluorophores were described using Gaussian or
Lorentzian distributions of the correlation times. The theory is presented both for time and frequency-domain
measurements, although the simulations and measurements are focused on the frequency-domain measurements of
the anisotropy decays. Analysis of simulated data is presented to illustrate the nature of the data and the resolution
which can be expected with presently available frequency-domain measurements. Additionally, we describe experi-
mental data for samples where one can reasonably expect a single exponential and/or discrete multi-exponential
correlation time distributions, and for samples where the anisotropy decay might be expected to display a
distribution of correlation times. These samples include small single tryptophan peptides in propylene glycol, the
single tryptophan residue in S. Nuclease, and the single tryptophan residue in the native and partially unfolded
states of ribonuclease T.
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1. Introduction

Time-dependent decays of fluorescence aniso-
tropy can reveal the size, shape and flexibility of
biological macromolecules [1-6]. Such decays are

Abbreviations: CTD, correlation time distribution; FD, fre-
quency-domain; FDA, frequency-domain anisotropy; Gau,
Gaussian distribution; hw, full-width at half maximum, half-
width; Lor, Lorentzian distribution; NATE, N-acetyl-L-tryp-
tophan, ethyl ester; Pentagastrin, N-t-BOC-b-ala-trp-met-asp-
phe-amide; RNase T, ribonuclease T,; TD, time-domain.

generally analyzed in terms of the multi-correla-
tion time or multi-exponential model, in which
the time-dependent anisotropy is assumed to de-
cay as a sum of exponentials. This is a reasonable
model for many systems. For instance, spheres,
ellipsoids of revolution, asymmetric ellipsoids and
rigid asymmetric molecules are all expected to
display a multi-exponential anisotropy decay with
one to five discrete correlation times [1-4]. How-
ever, anisotropy decays can be expected to be
more complex for molecules which display flexing
or segmental motions in addition to rotational
diffusion, or structures in which the fluorophore
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is present in a restricted and /or asymmetric envi-
ronment. For instance, the anisotropy decay of
fluorophores intercalated into double-helical
DNA are expected to be more complex than a
multi-exponential i.e. non-exponential, due to the
torsional and bending motions of the DNA which
occur on a number of timescales [7—15]. Similarly,
the anisotropy decays of membrane-bound fluo-
rophores, which may experience a hindered or
anisotropic environment, are also expected to be
non-exponential [16-19].

The tryptophyl residues of proteins are present
in a variety of environments, ranging from fully
shielded by a rigid protein matrix to fully exposed
to the aqueous phase [20]. Because these residues
exist in a hindered dynamic environment, it seems
likely that these residues will display a variety of
motions, with various amplitudes and correlation
times. Consequently, it may be informative to
interpret the anisotropy decays of proteins in
terms of correlation time distributions. To date,
protein anisotropy decays have been successfully
analyzed in terms of the multi-exponential model
[20-28], which is to be expected given the power
of the multi-exponential model for approximating
complex decay processes. However, it is likely
that proteins display a variety of motions, ranging
from rapid low amplitude motions of individual
amino acids or portions thereof, to somewhat
slower motions of groups of amino acids and /or
protein domains. Indeed, molecular dynamics
simulations have suggested the existence of a
range of characteristic times and amplitudes for
protein motions [29,30], and others have sug-
gested that the dynamics may be fractal [31,32].
Hence, the use of correlation time distributions
(CTD) may provide valuable insights into the
complex dynamic properties of proteins, mem-
branes and nucleic acids, and may allow visualiza-
tion of changes in protein dynamics in response
to solution conditions which effect protein stabil-
ity.

The use of correlation time distribution is an
extension of similar studies in which fluorescence
intensity decays have been analyzed in terms of
decay time distributions [33-39]. We used analyti-
cal forms for the distribution functions to mini-
mize the number of variable parameters. In par-

ticular we used Gaussian (Gau) and Lorentzian
(Lor) correlation time distributions. The present
paper emphasizes frequency-domain measure-
ments, which are now known to provide impres-
sive resolution of complex anisotropy decays [40].
The resolution of the frequency-domain (FD)
measurements can be increased further by mea-
surements in the presence of varying amounts of
collisional [41] or energy transfer quenchers [42],
followed by global analysis of the multiple data
sets [43,44]. Our data suggest that the anisotropy
decays of flexible peptides in various solvents are
in fact well described by distributions of correla-
tion times. The anisotropy decay of RNase T, in
the native state appears to be a single correlation
time, which becomes a distribution of correlation
times as the protein is unfolded by heat or denat-
uration.

2. Theory

Fluorescence anisotropy decays are most often
described as a sum of individual exponentials.
Following &-function excitation the time-depen-
dent anisotropy is given by

r(t) = Zroj exp(—6R;t)
= Zroj exp(—t/96;), (D)

where r,; are the amplitudes, R; the rotational
rates, and 6j=(6Rj)‘1 the correlation time of
the jth component. The fraction of the total
anisotropy which decays by each correlation time
is

roj roj

8= =—. (2)
! Er()k ry
k

The object of the multi-exponential analysis is to
fit the data in terms of the amplitudes (r,;) and
the correlation times (6,). Two variations are pos-
sible. The total anisotropy can be considered to
be unknown, in which case there are j variable
amplitudes. Alternatively, the total anisotropy in
the absence of rotational motions (r,) can be
determined from a separate experiment, such as
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measurements at low temperature and/or high
viscosity where rotational diffusion does not oc-
cur during the lifetime of the excited state. In this
case there are j— 1 unknown amplitudes with
Yg;=100r X,ry =r,.

We now consider a distribution of correlation
times, but it should be noted that similar expres-
sions are easily written for distributions of rota-
tional rates. In the present paper we are not
considering the molecular interactions which re-
sult in the distributions, and such future consider-
ation may clarify the selection of rotational rate
or correlation time distribution. Because of the
limited resolution of the experimental data it is
necessary to use distribution functions with a
reasonably small number of variable parameters.
Hence, we arbitrarily selected Gaussian (G),
Lorentzian (L) and rectangular (R) distributions.
For these functions the correlation times are dis-
tributed according to

G 1 1/{6—-86
p‘(6)=;7—2—?;—exp sl (3)
1 ry2
T P — (4)
T(0~0) +(I/2)
PR(8) =1/I for 8, <0 <8y,
=0 for <0, and 6> 8. (5)

In these expressions 0 are the central values, o
the standard deviation of the Gaussian, I' the
full-width at half-maximum amplitude of the
Lorentzian, and 6, and 6 are the lower and
upper limits of the rectangular distribution. For
consistency we will present all widths as the half-
width (hw, I'), which is the full-width at half-max-
imum amplitude. For a Gaussian I'=2.354 o
[45]. During analysis these functions are all nor-
malized to unity if integrated from zero to plus
infinity. In the figures these shape factors are
shown as peak-normalized.

Suppose the anisotropy decay is described by a
single modal correlation time distribution (CTD)
with a single mean value (8), width (hw) and

amplitude (r,). That part of the anisotropy decay
which displays a correlation time 6 is given by
r(t,0)=r,P(8) e”"/" (6)
However, one cannot selectively observe this
component of the anisotropy decay, but rather
must observe all the components. Hence, the
observed anisotropy is given by the integral equa-
tion

-~ P(8) e '/ de. (7)
=)

By analogy with Eq. (1) it is possible that the
CTD could be multimodal, that is, be described
by more than a single Gaussian, Lorentzian or
rectangle. Then, the amplitude of the anisotropy
decay which has a correlation time € is given by

r(t, 8) = Zr()ij(H) e "7, (8)
j

r{t) =rqy

where the sum accounts for the contribution at 6
from each mode of the distribution, and r; is the
amplitude associated with the jth mode of the
distribution. In this case each normalized distri-
bution is characterized by the appropriate param-
eters, 5], hw,, I'.. The observed anisotropy is given
by

x

(0= Trf, prede ()
o),

We note that the distribution shape factors P(6)
are normalized such that the integrated probabil-
ity of each mode of the distribution is equal to
unity. This becomes important when part of the
distribution occurs at < 0. Hence, the P(6) in
Egs. (6)-(9) are normalized using
LAY
P(8) = —= j

jeiopj(o) de

where the Pj’(()) values are those prior to normal-
ization. With this normalization the r;; values in
Egs. (8) or (9) indicate the amplitude of the
anisotropy which is associated with the jth mode
of the distribution centered at 6.

(10)

2.1. Frequency-domain anisotropy decays

The FD anisotropy decay analysis is most
clearly presented in terms of the total intensity
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decay (I(¢)) and the intensity decays of the paral-
lel () and perpendicularly polarized ( L) compo-
nents of the emission. These intensity decays are
related by

I(t) =1,(t) +21 (1)

=Zai e”/7f=2aie‘r"’, (11)
Iu(t)=§1(t)[1+2r(t)], (12)
1 () =31()[1-r(0)]. (13)

The total intensity decay can be analyzed in terms
of a multi-exponential decay (Eq. (11)) where «;
are the pre-exponential factors, 7; the decay times
and I; the decay rates. We generally measure
I(t) in a separate experiment using magic angle
polarization conditions. It is also possible to ana-
lyze the intensity decay in terms of decay-time
distributions, but this is not necessary for the
CTD analysis. Analysis of the FD anisotropy data
requires an accurate description of the time-de-
pendent decay [27], which is readily accomplished
during the multi-exponential model (Eq. (11)).
This use of a multi-exponential intensity decay
does not introduce any new parameters into the
anisotropy decay analysis because the values of «;
and 7, are held fixed in the anisotropy analysis.

The parameters describing the anisotropy de-
cay are determined by non-linear least-squares
[45], as has been described previously for multiex-
ponential intensity [46] and anisotropy decays
[47,48]. In the frequency-domain the measured
quantities for the anisotropy analysis are the
phase angle difference between the perpendicu-
lar and parallel components of the polarized
emission (4,) and the ratio of the amplitude of
the polarized and modulated emission (A,) each
measured over a range of modulation frequencies
(w). The values of 4, and A, can be calculated
[48,49] using

4., = arctan( (14)

2\ 172
A = NE+Dj (15)
“ |N2+D?

DN, =N,D )
NN, +D\D

where

Ne= [ Ip(1) sin wt di (16)
t=0

Dyp= [ Ip(t) cos we de, (17)

t=0

and P indicates the polarization (|| or 1). The
parameters describing the experimental aniso-
tropy decay are obtained by minimization of

-t el

where 84 and 3A are the experimental uncer-
tainties in 4, and A . For simulated data we use
Gaussian distributed noise with 84 = 0.2° and
dA = 0.005.

The transforms could be written in double
integral form using Eqgs. (9), (13), (16) and (17).
However, for purposes of calculation we prefer a
more explicit representation [48]. For a multi-ex-
ponential intensity and anisotropy decay the
transforms are given by

N,=3A4 + 3B, (19)
N, =34-3B, (20)
D,=3C+3D, (21)
,=3C~-3D, (22)
with
= Z w2 +1—~2 ’ (23)
B=Yawl il (24)
C el 25
- - w2+1‘;2’ ( )
ro;(I;+ 6R,
D= Ya,y ) (26)
i j 2 + (F +6R. )
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For a distribution of correlation times terms A
and C are unchanged, and by analogy

B= Zaw/ rosF(6) 96 (27)

@+ (I, +6R,)

b Z“ff;oz o, P(O)L; + 6R,) db. %)

W+ (I, +6R,)

where P(6) are the normalized distributions. The
FD polarized modulation data are presented as
modulated anisotropies

A, -
Mo T A 2

(29)

2.2. Lifetime distribution analysis of the intensity
decays

During our analysis of the intensity decays of
peptides in propylene glycol we noticed that these
data could be well fit using distributions of decay
times. This analysis was performed as described
previously [39]. Briefly, the pre-exponential fac-
tors are assumed to be Gaussian or Lorentzian.

1 1(r—7\°
aG(T)=;—\/‘ﬁeXD[—E( . )], (30)
1 ry/2
a(t)=— 2/ 2 (31

(7 =7) +([/2)

where 7 is the central value of the distribution, ¢
the standard deviation of the Gaussian, and I’
the full-width at half-maximum (fw) for the
Lorentzian, not to be confused with the decay
rates I

The parameters describing the decay time dis-
tribution, or the a; and 7; values in Eq. (11), are
determined by nonlinear least-squares. For the
decay time distribution the calculated phase an-
gles (¢,) and modulation values (m,) are given
by

Nw
b, = arctan( D ) ) (32)

= (N2+D2)"?, (33)

w

where
© a(r)eT
N J= —_— 4
¢ /;:O 1+w?r? dr 34
afT)T
D, J= 35
f 01+w2 2 dr, ( )
with
J=f | a(r)T dr. (36)
=0

3. Materials and methods

Frequency-domain measurements were per-
formed on the GHz harmonic content instrument
described previously {50,51]. The excitation source
was a cavity-dumped R6G dye laser (Coherent
702-2), whose output was frequency doubled to
295-300 nm. The pulse widths were about 8 ps,
with a cavity-dumped rate of 3.79 MHz. The dye
laser was pumped with about 800 mW of 514 nm
light, from a mode-locked argon ion laser (Coher-
ent Innova 15). The detector was a microchannel
plate PMT, Hamamatsu R1564U. The tryptophan
emission was isolated using a WG320 filter, which
transmits wavelengths above 320 nm. The sam-
ples were excited at 300 nm.

NATE was from Bachem Inc., the di and tri-
peptides, gastrin and pentagastrin were from
Sigma, and all were used without further purifica-
tion. RNase T, was a gift from M. Eftink, Univer-
sity of Mississippi, and S. Nuclease was a gift
from L. Brand, The Johns Hopkins University.
Acrylamide was from BioRad, electrophoresis
grade, greater than 99.9% pure.

4. Results and discussion

4.1. Simulations

We questioned the form of the FD anisotropy
data for a distribution of correlation times, as
compared with that resulting from a multi-ex-
ponential decay. Simulated FD anisotropy data
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Fig. 1. Simulated frequency-domain anisotropy data for a
Lorentzian distribution of correlation times. For comparison
we show a best single correlation time (- — -). The parameter

values used for the simulation were 7=5 ns, §=10 ns,
hw =10 ns, r, = 0.40. The simulated data contain Gaussian
noise 84 = 0.2° and 3A = 0.005.

for a Lorentzian correlation time distribution are
shown in Fig. 1. For these simulations we as-
sumed a decay time of 5 ns, a most probable
correlation time of 6 = 10 ns, and half width of 10
ns. The differential phase profile is mostly sym-
metric and visually similar to the shape known for
single correlation time. Analysis of these simu-
lated data in terms of the Lorentzian distribution
model results in recovery of the expected param-
eter values. However, the best single correlation
time fit (dashed curve) yielded an unacceptable
value of x% = 15 (Table 1 and Fig. 1). However, it
does not seem possible to distinguish the shapes
of the distributions, since analysis with the Gauss-
ian model yielded an acceptable value with x% =
1.07. The two correlation time model also yielded
an acceptable fit, and it would be difficult in
practice to reject this model. As seen from Table
1, the Gaussian correlation time distribution and
two correlation time models both provide good
fits to the simulated Lorentzian distribution.
While it is thus possible to distinguish a wide
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distribution of correlation times from a single
correlation time, it does not appear practical to
resolve such a distribution from a multi-exponen-
tial anisotropy decay. It is interesting to note that
the two correlation time analysis yielded a second
correlation time near 2 ns. This probably results
from the assumed fluorescence lifetime of 5 ns,
which results in most of the information content
being available for correlation times near this
value.

We also simulated data for a double exponen-
tial anisotropy decay (Fig. 2), and questioned
whether such decays could be mistaken for a
distribution of correlation times. In this simula-
tion we assumed that each correlation time con-
tributed an equal amplitude to the anisotropy
decay (ry, =ry, =0.2). If the correlation times
are very different (1 and 15 ns), then each corre-
lation time makes visible contributions to the FD
data (Fig. 2). This is seen from the less symmetric
profile of the differential phase angles (compared
with Fig. 1). We were surprised to find that the
simulated multi-exponential anisotropy data can-
not be fit to a unimodal distribution of correla-
tion times, either to Lorentzian (Fig. 2, dashed
curve) or Gaussian (Fig. 2, dotted curve). The
double exponential anisotropy decay with widely
spaced correlation times (1 and 15 ns) cannot be
fitted by Lorentzian (x§=31.1) or Gaussian
model (xg = 98.0). However, if the correlation
times are more closely spaced, 5 and 10 ns, then
it is difficult to distinguish two distinct correlation

Table 1
Analysis of simulated data for a Lorentzian distribution of
correlation times #

Model ® 6 hw r X&
(ns) (ns)

Lorentzian ® 9.89 10.33 0.40 0.94

Gaussian 11.86 18.06 0.40 1.07

1 exponential 10.14 - 0.39 15.24

2 exponential 2.34 - 0.06 -
1345 - 0.34 1.19

* The data were simulated for 8 = 10 ns, hw = 10 ns, r;, = 0.40,
and 7=5 ns, for a Lorentzian distribution of decay times.
Random noise was added to the simulated values, 84 = 0.2°
and 3A = 0.005.

> Model used to analyze the simulated data.
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Fig. 2. Simulated frequency-domain data (e) for a two correla-
tion time anisotropy decay. The parameter values are 7 =35
ns, 6; =1 ns, 8, =15 ns, ry; = rg, = 0.2. Also shown are the
best fits to a single modal Lorentzian (- - -) and single-modal
Gaussian (-« -+ ) distribution of correlation times.

times from a single distribution of correlation
times (Table 2).

4.2. Single tryptophan peptides

We examined a number of single-tryptophan
peptides in propylene glycol. These peptides
range from the neutral tryptophan derivative
NATE, to tripeptides with a central tryptophan
residue and various sized adjacent amino acids,
to the tetra- and penta-peptides gastrin and pen-
tagastrin, respectively. We reasoned that these
peptides would display a range of correlation
times due to their intrinsic conformation flexibil-
ity and differing global rotational rates for the
different conformations. Propylene glycol was se-
lected as the solvent to provide overall correla-
tion times of 5-10 ns, which are easily measured
with our instrumentation, which are reasonably
near the tryptophan intensity decay times, and
which are typical of the overall correlation times
of globular proteins.

7
Table 2
Analysis of simulated data for a double exponential anisotropy
decay
Mode] P 0 hw ro Xn

(ns) (ns)
2 exponential 1.01 - (.20 -

(1 and 15 ns) © 15.2 - 0.20 0.095
Lorentzian -2.83 2.82 0.42 31.1
Gaussian -26.1 325 0.39 98.0
2 exponential * 5.6 - 0.27

(5and 10 ns) 13.1 - 0.13 1.00
Lorentzian 7.0 1.33 0.40 1.07
Gaussian 7.3 4.90 0.40 1.03
“ The simulated data are for two correlation times, #, = | ns,

and 6,=15 ns; or 8;=5 ns and 6, =10 ns. In both cases,
ror=roa =020, 7 =5 ns.

® Model used to analyze the simulated data.

“ Values in parentheses are the correlation times used for the
simulation.

Frequency-domain anisotropy data for one
representative peptide, leu-trp-leu, are shown in
Fig. 3. These data are well fit with a broadly
distributed Lorentzian (Fig. 4). However, it is also
possible to fit the data using the two correlation
time model (Tables 3 and 4). Similar results were

Leu-Trp-Leu
in P.G., 5°C
4 - .

(degrees)

PHASE ANGLE
o
S
&
\
-
N

DIFFERENTIAL POLARIZED

Lold1l lJ

24
Best fit to: y ./'/
Bg 22 —— Lorentzian ‘{5f/'
s - - - one exponential [ |
= EOr e
éﬂ ! '/
P
Z<Zf 18 //
JE\:Z&; Lt Lt S S R S .
2 5 10 20 50 100 200
FREQUENCY  (MHZ)

Fig. 3. Frequency-domain anisotropy data for Leu-Trp-Leu.
The solid line shows the best fit to a Lorentzian correlation
time distribution, and the dashed line the best fit to a single
correlation time.
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Fig. 4. Correlation time distributions for single tryptophan
peptides.

obtained for peptides ranging from a single amino
acid NATE, several tripeptides, gastrin (four
amino acids) and pentagastrin (five amino acids).
In the case of NATE it is probable that the width
of the distribution is due to a combination of
limited resolution, as well as non-isotropic rota-
tional diffusion. In each case the FD data are
equally well fit using a unimodal correlation time
distribution and the two correlation time model.
Representative correlation time distributions are
plotted in Fig. 4. Given the structural heterogene-

Table 3
Multi-exponential analysis of anisotropy decays of small pep-
tides in propylene glycol at 5°C

Model 6° rog;’ 10° 26

(ns)
NATE 2.72 0.109

10.73 0.140 11.4 1.1
Gly-Trp 2.39 0.091

11.73 0.153 17.6 2.5
Gly-Trp-Gly 3.31 0.080

21.70 0.168 17.6 0.5
Leu-Trp-Leu 2.96 0.064

20.40 0.182 20.7 2.0
Glu-Trp-Glu 3.12 0.061

18.86 0.186 13.3 14
Lys-Trp-Lys 312 0.033

20.73 0.217 6.6 0.8
Gastrin 4.63 0.054

29.98 0.195 4.9 0.8
Pentagastrin 3.39 0.038

29.65 0.211 9.4 1.6

? The parameters listed are for the two correlation time (26)
fit.

® This is the x3 value for the one correlation time (16) fit.
The parameters from this fit are not shown.

Table 4
Distribution analysis (Lorentzian unimodal) of anisotropy de-
cays of small peptides in propylene glycol at 5°C

Compound ] r ro Xa
(ns) (ns)
NATE 491 5.72 0.254 1.1
Gly-Trp 4.72 8.52 0.250 2.3
Gly-Trp-Gly 6.74 19.74 0.253 0.5
Leu-Trp-Leu 7.14 21.59 0.251 1.7
Glu-Trp-Glu 8.94 17.60 0.251 13
Lys-Trp-Lys 12.85 18.00 0.252 0.8
Gastrin 16.00 27.14 0.252 0.8
Pentagastrin 14.47 38.87 0.252 1.6

ity of the peptides it seems probable that the
underlying anisotropy decays are in fact the result
of distribution of the types shown in Fig. 4. The
average correlation times 8 evidently depends on
molecular weight of peptide, the shortest being
gly-Trp (MW = 279) and the longest being gastrin
and pentagastrin (MW = 633 and 858, respec-
tively).

The anisotropy decay analysis requires knowl-
edge of the intensity decays, which for complete-
ness are summarized in Table 5. We note that
these intensity decays are also equally well fit to a
lifetime distribution (Table 6) as to a sum of
exponentials (Table 5).

4.3. Global analysis of the S. Nuclease anisotropy
decay

We previously demonstrated that collisional
quenching can be used to increase the resolution
of the FDA measurements [40,41]. More specifi-
cally, quenching alters the mean decay time, and
hence the contributions of each correlation time
to the anisotropy data. Global analysis of the
FDA data, measured over a range of decay times,
provides enhanced resolution of the anisotropy
decay. We applied this method to S. Nuclease,
which contain a single tryptophan residue. By
acrylamide quenching we were able to reduce the
mean decay time from 5.8 to 1.3 ns (Table 7).

Global anisotropy decay analyses are pre-
sented in Table 8. The anisotropy decay of the
single tryptophan residue in S. Nuclease (Fig. 5)
is nearly a single exponential, yielding x3 = 2.0.
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Table 5
Multi-exponential analysis of intensity decay of small peptides
in propylene glycol at 5°C

Table 7
Intensity decay of S. Nuclease with increasing concentration
of acrylamide

Compound 7 a0 X& lacrylamide] () 7, a, 7, X2
(ns) Tow Z2ew (M) ns (ns)
NATE 2.15 0.531 0.282 0 5.77 4.60 0.68 (1,57
6.19 0469 0718 1328 1.2 7.31 0.32 143 1.2
6.76 0502  0.725 903 08 5.41 0.71 .82
Gly-Trp-Gly 216 0.560  0.290 0.20 337 L2 01005
673 0440 0710 1856 1. 369 086 095 18
Leu-Trp-Lew 261 0434 0229 0.535 207 109 043 0.25
678 0566 0771 744 13 ) 240 057 075 14
618 055 0769 774 15 179156 084 24
142 050 086 27

6.58 0.584  0.787 76.9 1.0
Gastrin 2.18 0554 0317

5.83 0446  0.683 111.3 1.6
Pentagastrin 2.47 0.456 0.229

696  0.544  0.771 16.6 1.4

* The a; values are the pre-exponential factors in the multi-
exponential fit of the intensity decay data, I(r) =
Yo, exp(—t /7).

" The fractional contribution of each component to the total
emission is given by f; =7, /La;7;.

The double correlation time model results in a
modest decrease in yx to 1.0, which is significant
given the number of data points or degrees of
freedom (about 300). The shorter correlation time
near 0.09 ns displays only a small amplitude. Both
the Lorentzian and Gaussian correlation time
distribution models also provide reasonable fits
to the data. The well defined position of the
tryptophan within the rigid protein results in rela-
tively sharp correlation time distribution (hw = 2.7

Table 6
Lorentzian lifetime distribution analysis of the intensity de-
cays of small peptides, propylene glycol, 5°C

Compound 7 hw Xa
(ns) (ns)
NATE 3.25 3.67 1.1
Gly-Trp 4.08 395 0.8
Gly-Trp-Gly 2.97 492 0.7
Leu-Trp-Leu 4.50 3.86 1.2
Glu-Trp-Glu 4.03 312 1.1
Lys-Trp-Lys 4.42 3.67 1.2
Gastrin 3.20 2.79 1.4
Pentagastrin 4.25 4.85 1.0

ns, Fig. 6). In spite of this modest width, non-zero
widths are required by the data, as seen by the
increased values of yg when the widths are held
constant near zero (Table 8). It seems likely that
such widths will be sensitive to the structural and
dynamic feature which surround tryptophan
residues in proteins.

It is interesting and informative to compare
the correlation time distributions of S. Nuclease
recovered using the Lorentzian or Gaussian mod-
els. The distribution from the Gaussian model is
considerably wider than that from the Lorentzian
model (Fig. 6). In our opinion, this is a result of
the wings of a Lorentzian, which extend well

Table 8
Global anisotropy during analysis of S. Nuclease, 20°C, with
acrylamide quenching *

Model 0 hw ro, XR
(ns) (ns)
Lorentzian 10.19 2.70 0.305 1.5
9.91 €0.10> " 0.304 2.0
Gaussian 10.99 9.07 0.305 1.6
9.89 <0.10) 0.303 2.0
1 exponential 9.88 - 0.303 2.0
2 exponential 0.09 - 0.018 1.0
10.16 0.301

“ Simultaneous analysis and data for six concentrations of
acrylamide (Table 7). The differential phases and moduiated
anisotropy data are taken from ref. [53].

" The half-width was held constant at the value indicated in
the angular brackets { ).
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Fig. 5. Frequency-domain anisotropy data for S. Nuclease
with increasing amounts of acrylamide quenching.

beyond those of a Gaussian distributions [45]. In
order to fit the data, the least squares algorithm
most suppress these wings, which requires a more
narrow half-width for the Lorentzian model.

4.4. Effects of temperature and GuHC! on the
RNase T, anisotropy decay

The single tryptophan residue in RNase T, is
thought to be rigidly contained within the protein

Table 9
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o

S.Nuclease,
20°C

AMPLITUDES (P%(81 or PL(8))
(@)
(9]
T

PEAK NORMALIZED

O

| 1 1 1

ol
0 5 10 15 20
CORRELATION TIME (ns)

Fig. 6. Correlation time distributions from global analysis of
the S. Nuclease data with acrylamide quenching.

structure [53,54]. In such cases one expects the
anisotropy decay to display a single correlation
time which is due to the hydrodynamic behavior
of an equivalent rigid sphere, or a narrow multi-
exponential distribution for an ellipsoid of revolu-
tion. We used RNase T, to determine the effects
of gradual protein unfolding, which is expected to
result in a more complex decay of anisotropy.
Temperature-dependent anisotropy data for
RNase T, are shown in Fig. 7. At 5 and 20°C the
rotational behavior appears to be well described
by a single correlation time, without a significant
distribution about the mean value. The FDA data
of 5 and 20°C are equally well fit by the distribu-
tion models with narrow half-widths or by the
single exponential model. Importantly, attempts
to force fit the data to wider distributions (hw =5
ns) result in elevated values of yZ (Table 9).
When the temperature is increased to 53°C, the

Anisotropy decay analysis for the intrinsic tryptophan emission from RNase T;, pH 5.5

[GuHCl] /°C Lorentzian Gaussian Multi-exponential
0 hw ro X3 6 hw ro X3 x&(1 exp) X&(2 exp)
(ns) (ns) (ns) (ns)
0/5°C 10.6 0.1 0.276 2.0 10.7 0.2 0.275 2.0 1.9 1.9
- 5> - 4.7 - {57 - 2.3 - -
1.5/5° 9.2 2.3 0.275 1.7 9.8 7.5 0.274 1.6 2.5 1.8
3.0/5° 4.8 5.4 0.275 1.1 5.6 104 0.276 1.3 19.7 1.0
3.0/5° - {0.1) - 19.0 - 0.1 - 19.7 - -
0/20°C 2 6.6 1.5 0.312 1.5 7.0 5.1 0.312 14 1.8 1.5
- 0.1 - 1.7 - 0.1 - 1.8 - -
0/53°C 0.9 1.9 0.249 2.9 —54 9.3 0.257 2.1 356.5 0.8
- 0.1 - 14.3 - {0.1) - 15.4 - —

? Obtained from global analysis with acrylamide quenching (5 files, exc. 300 nm).



1. Gryczynski et al. / Biophysical Chemistry 52 (1994) 1-13 11

=}

w ° i
=) o n L Ase Ty, 5°C !
TR RNase T, 53 Ng o8 RN 15 ‘
Ny P r o ¥ oot \
Mo [ o~ .

T io * O M GuHCI e \

[eg) A
ge 22 gL & 15M » . %,

n i
O . > 30M » 5 :
N <t

& -
< =2
— [

C 2 25 5l

2.0 Y

L & =2

=L i)

[ a

oo e O, g I F I I8 O N U o

- Oy i Lt N .
28~ =

[ Best fit to: i |
Lorentzian

'\
\
|

o e

MODULATED

MODULATED

ANISOTROPY
=

PF — Lorentzian

Best fit 1o \
;‘
|
|
|

— 08y o ! L S|
0B it Lo i Lol 2 5 10 2C 50 190 200 500
2 5

10 20 50 100 200 500 N - v
FREGQUENCY  (MHZ)

FREQUENCY (MHz . . . . .
( ) Fig. 9. Frequency-domain anisotropy data for RNase T, with

Fig. 7. Frequency-domain anisotropy data for RNase T, with increasing concentrations of GuHCI.

increasing temperature.

anisotropy decay appéars to display a wide range results in a distribution of correlation times. This
of correlation times (Fig. 8). is seen from the distributions resulting from the
Unfolding of RNase T, by GuHCl (Fig. 9) also analyses (Fig. 10), and from the force fits to
narrow distributions which result in elevated val-

ue5(ﬁ?Xé (Table 9). We questioned whether the
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Fig. 8. Correlation-time distributions for RNase T, with in-
creasing temperature. The data used to recover P(8) at 5 and
53°C were published elsewhere {52]. The top panel shows the Fig. 10. Correlation-time distributions for RNase T, with
Lorentzian fit, and the bottom panel shows the Gaussian fit. increasing concentration of GuHCI.
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Fig. 11. x& surfaces of half width of Lorentzian distribution
for RNase T, with increasing concentration of GuHCI. The
other parameters (8 and ry) were floating during the analysis.

increases in distribution half-widths induced by
GuHCI were reliably determined from the data.
Hence, we examined the y3 surfaces for the
half-widths (Fig. 11). In determining these sur-
faces the half-width was held constant at the
value indicated in the x axis, and the value of r
and 6 were allowed to vary to minimize x3.
These surfaces show that the half-widths are in
fact well determined from these data. For in-
stance, for the native protein at 5°C (0 M GuHCl)
a correlation time half-width larger than 1 ns is
not consistent with the data. Conversely, with 3
M GuHCI, a half-width below 4.5 ns is not consis-
tent with the data.

5. Conclusions

The anisotropy decays of peptides and pro-
teins appear to be described by a distribution of
correlation times, and correlation time distribu-
tion can be used to visualize the dynamics of
proteins. In the case of single tryptophan proteins
the widths of the distributions are sensitive to the
structure of the proteins, and appear to increase
as the proteins are unfolded by increased temper-
ature or denaturants. Additional experimental
and theoretical studies are required to interpret
these distributions in terms of the molecular dy-
namics of proteins.
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