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Abstract

We used harmonic-content frequency-domain fluorometry to determine the anisotropy decays of a 

variety of single tryptophan peptides and proteins. Resolution of the rapid and complex anisotropy 

decays was enhanced by global analysis of the data measured in the presence of quenching by 

either oxygen or acrylamide. For each protein, and for each quencher, data were obtained at four to 

six quencher concentrations, and the data analyzed globally to recover the anisotropy decay. The 

decrease in decay times produced by quenching allows measurements to an upper frequency limit 

of 2 GHz The chosen proteins provided a range of exposures of the tryptophan residues to the 

aqueous phase, these being ACTH, monellin, Staphylococcus nuclease and ribonuclease T1, in 

order of decreasing exposure. Examination of indole and several small peptides demonstrates the 

resolution limitations of the measurements; a correlation time of 12 ps was measured for indole in 

methanol at 40°C. Comparison of the anisotropy decays of gly-trp-gly with leu-trp-leu revealed 

stearic effects of the larger leucine side chains on the indole ring. The anisotropy decay of gly-trp-

gly revealed a 40 ps component for the indole side chain, which was resolved from the overall 150 

ps correlation time of the tripeptide. Only the longer correlation time was observed for leu-trp-leu. 

With the exception of ribonuclease T1, each of the proteins displayed a subnanosecond component 

in the anisotropy decay which we assign to independent motions of the tryptophan residues. For 

example, Staphylococcus nuclease and monellin displayed segmental tryptophan motions with 

correlation times of 80 and 275 ps, respectively. The amplitudes of the rapid components increased 

with increasing exposure to the aqueous phase. These highly resolved anisotropy decays for 

proteins of known structure are suitable for comparison with molecular dynamic simulations.
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Introduction

The dynamics of proteins have been the subject of numerous simulations and experiments 

(Welch 1986; Karplus 1986; Gurd and Rothberg 1979;Hirs and Timasheff 1986; Clementi et 

al, 1985; Kouyama et al 1989; Ludescher et al. 1988; MacKerell et al. 1989). Time-resolved 

Offprint requests to: J. R. Lakowicz

HHS Public Access
Author manuscript
Eur Biophys J. Author manuscript; available in PMC 2020 July 22.

Published in final edited form as:
Eur Biophys J. 1991 ; 19(3): 125–140. doi:10.1007/BF00185453.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fluorescence spectroscopy has been particularly valuable for studies of protein dynamics 

because of its natural window on the nanosecond timescale and because of the increasing 

availability of picosecond resolution (Visser 1985; Nordlund et al. 1986; Nordlund and 

Podolski 1983; Ludescher et al. 1985; Albani et al. 1985; Libertini and Small 1985; Desie et 

al. 1986; Gillbro et al 1985). Nonetheless, comparison of molecular dynamics calculations 

and experiments has not been possible, This is because the time resolution of fluorescence 

spectroscopy was not quite adequate for comparison with the calculated ps motions 

(Lakowicz et al. 1983; Lakowicz and Maliwal 1983; Munro et al. 1979). Secondly, much of 

the presently available data with ps resolution is for the time-resolved intensity decays. At 

present it is difficult to correlate the components in the intensity decays with dynamic 

properties of the proteins. The anisotropy decays are easier to interpret because they are 

determined by angular displacements of the fluorescent residue during the time between 

excitation and emission. Finally, trajectories have been calculated for proteins like BPTI 

(Levy and Szabo 1982) and lysozyme (Ichyic and Karplus 1983) each of which contains 

multiple fluorescent residues. Consequently, rapid components in the anisotropy decays 

could be doe either to motions of the residues or to energy transfer between the residues 

(Kasprzak and Weber 1982; Lakowicz et al 1987 a).

In the present report we attempt to provide experimental data on proteins which may be used 

for comparison with the dynamics calculations. We selected a series of proteins each with a 

known crystal structure and containing a single tryptophan residue. Additionally, the 

proteins were chosen to provide a range of environments for the residue, from fully exposed 

to fully shielded from the aqueous phase. In order of decreasing tryptophan exposure to the 

aqueous phase (Eftink and Ghiron 1976) these proteins are ACTH, monellin (Tomlinson et 

al. 1983), S. nuclease (Arnone et al. 1971) and RNase T1, (Heinemann and Saenger 1982). 

These proteins have been the subject of previous studies using fluorescence spectroscopy 

(Ross et al. 1981; Brand and Cogan 1977; Brochon et al. 1974; James et al. 1985; Lakowicz 

et al. 1986a; Eftink et al. 1989; Eftink and Ghiron 1987a), and in the case of RNase T1 the 

subject of molecular dynamics simulations (Axelsen and Prendergast 1989; Mackerell et al. 

1989).

We used several new techniques to obtain ps resolution of the anisotropy decays. The 

measurements were in the frequency-domain (Gratton and Limkeman 1983; Lakowicz and 

Maliwal 1985), which is now known to provide good resolution of rapid and/or complex 

decays (Lakowicz et al. 1986b. 1987a; Maliwal and Lakowicz 1986). Secondly, we used the 

harmonic content of a laser pulse train to an upper frequency of 2 GHz (Lakowicz et al. 

1986c). These high frequencies were detected with a microchannel plate photomultiplier. 

Resolution of the anisotropy decays was further enhanced by simultaneous (global) analysis 

of data obtained in the presence of the dynamic quenchers, acrylamide or oxygen. Global 

analysis of multiple data sets has been suggested by Brand and co-workers for other types of 

measurements (Knutson et al. 1983; Beechem et al. 1983). In our case the data obtained in 

the absence of quencher contain information predominantly on overall rotational diffusion of 

the protein. In the presence of quenching the data contain more information on local motion 

of the residues. Global analysis of a series of data measured at various concentrations of 

quencher provide enhanced resolution of both the local motions and the overall rate of 

rotational diffusion (Gryczynski et al. 1987; Lakowicz et al. 1987b). In fact, measurements 
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of a quenched fluorophore allowed the first resolution of three correlation times for an 

asymmetric rigid molecule (Gryczynski et al. 1988a). This technique of measuring quenched 

samples is also valuable for measurements of rapid anisotropy decays. By examination of 

iodide-quenched indole in a fluid solvent, we demonstrated that correlation times as short as 

8 ps can be measured (Lakowicz et al. 1988). Additionally, the enhanced resolution provided 

by quenching allowed resolution of double exponential anisotropy decays, even with 

correlation times of 40 and 140 ps (Gryczynski et al. 1988b). We believe these highly 

resolved anisotropy decays are suitable for comparison with molecular dynamics 

calculations on these same peptides anti proteins. We note that the frequency range of the 

instrumentation has recently been extended to 10 GHz (Laczko et al. 1990) which will allow 

measurement of still shorter correlation times.

The intensity decays of the tryptophan residues were all found to become more 

heterogeneous in the presence of quenching. We attribute the increased heterogeneity to 

transient effects in quenching (Lakowicz et al. 1986d), and these effects are the subject of a 

separate publication (Lakowicz et al. 1987c, d). Acrylamide is known to have little if any 

effect on protein structure, and does not appear to bind to or interact with the proteins 

(Eftink and Ghiron 1987b). Additionally, oxygen does not appear to perturb the structure or 

activity of most proteins (Lakowicz and Weber 1973a, b).

Theory

We determine (he anisotropy decays from the frequency-response of the emission when the 

excitation is modulated and polarized. The frequency-response of the polarized emission can 

be predicted from the time-response (Weber 1977). Suppose a sample is excited with a pulse 

of vertically polarized light. If the fundamental (time-zero) anisotropy is greater than zero 

(r0>0) the excitation results in a larger population of molecules whose emission is aligned 

more nearly parallel (‖) than perpendicular (⊥) to the excitation. Following excitation, the 

initial difference between the parallel IQ(t)  and perpendicular I⊥
Q(t)  components of the 

emission decays due both to rotational motions of the fluorophore and to decay of the total 

emission IT
Q t . The decays of the individual polarized components at each quencher 

concentration [Q] are given by

IQ t = 1
3IT

Q t 1 + 2r t (1)

I⊥
Q t = 1

3IT
Q t 1 − r t (2)

where the total emission is

IT
Q t = IQ t + 2I⊥

Q t . (3)

Information about the rotational motions is contained in the anisotropy decay law, which can 

be described as a sum of exponentials
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r t = ∑
l

r0gie−ℐ/θi, (4)

where the sum is over all correlation times.

We are interested in determining r(t) with the highest possible resolution because the 

correlation times (Θi) and the associated amplitudes (r0gi) are determined by the size, shape 

and flexibility of the molecule. For instance, if the tryptophan is bound rigidly to the protein 

then one expects a single exponential anisotropy decay with a correlation time (Θ) which is 

characteristic of overall rotational diffusion of the protein. For example, RNase T1 has a 

molecular weight of 11 100. In aqueous solution at 25°C its correlation time is expected to 

be near 8 ns. If the tryptophan residue has segmental freedom in addition to overall relation, 

then one expects a multi-exponential anisotropy decay. The correlation time and partial 

amplitude (r0gi) of the faster motion is characteristic of the segmental motion of the residue. 

We note that the value of r0 for a given fluorophore is dependent upon the relative 

orientation of the absorption and emission transition moments within the molecular axes 

(Belford et al. 1972; Chuang and Eisenthal 1972; Ehrenberg and Rigler 1972).

Our approach to improving resolution is to vary the intensity decay IT
Q t  by collisional 

quenching. We assume that collisional quenching does not alter the anisotropy decay, which 

seems to be reasonable as many quenchers do not appear to interact with the fluorophores or 

the proteins. We note that if the quencher altered the anisotropy decay this effect would be 

revealed by an inability to simultaneously fit the data measured at several quencher 

concentrations to a single anisotropy decay law. Additionally, we examined the anisotropy 

decays in the presence of acrylamide quenching, and then in the presence of oxygen 

quenching (Lakowicz and Weber 1973a, b). Since the same anisotropy decays were observed 

for each quencher, perturbation of the anisotropy decay by quenching is not likely, even if 

there are weak interactions between the protein and the quencher (Blatt et al. 1986).

In the frequency-domain the measured quantities are the phase angle difference between the 

parallel and perpendicular components of the emission Δω
Q = ϕ⊥ − ϕ  and the ratio of the 

modulated components of the polarized emission Λω
Q = m /m⊥ , each measured over a range 

of modulation frequencies (ω). The anisotropy decay parameters are obtained by the best 

non-linear least squares fit to the data using calculated (c) values of Δω
Q and Λω

Q (Lakowicz et 

al 1985, 1986a). The calculated values are obtained using

Λcos
Q − arctan

DQN⊥
Q − NQD⊥

Q

NQN⊥
Q + DQD⊥

Q (5)

Λcos
Q =

NQ 2 + DQ 2

N⊥
Q 2 + D⊥

Q 2

/2

(6)
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where

Ni
Q = ∫

0

∞

Ii
Q t sinωτ dt (7)

Di
Q = ∫

0

∞

Ii
Q t cosωτ dt . (8)

The goodness-of-fit is estimated from the value of reduced chi-squared

χR
2 = 1

v ∑
ω, Q

Δω
Q − Δcω

Q

δΔ

2
+ 1

v ∑
ω, Q

Λω
Q − Λcω

Q

δΛ

2
(9)

where v is the number of degrees of freedom (number of data points minus the number of 

floating parameters) and δΔ and δΛ are the experimental uncertainties in the differential 

phase angles and modulation ratios, respectively. If the data are available for several 

quencher concentrations, the data can be analyzed simultaneously to obtain the anisotropy 

decay (4). Alternatively, data at a single quencher concentration can be used to determine 

r(t).

It should be noted that the assignment of Θ1 and Θ2 to the overall correlation time of the 

protein (ΘP) and to the local tryptophan motion (ΘT) is approximate. More properly, the 

anisotropy decay is approximated by

r(t) = r0 g1e−τ ΘT + g2 e−I/ΘP . (10)

Hence, the two apparent correlation times are related to the correlation times of interest by

1
Θ1

= 1
ΘT

+ 1
ΘP

(11)

1
Θ2

= 1
ΘP

. (12)

If ΘP⪢ΘT, then the shorter correlation time can be equated with the timescale of the fast 

motion, This condition is true for all the results in this paper, except for gly-trp-gly, where 

the two correlation times differ by only three-fold, Here we have reported the experimentally 

recovered values of the apparent correlation times correlation times (Θ1 and Θ2).

For presentation of the data we prefer a modified form for the modulation ratio Λ∞. We 

define the frequency-dependent or modulated anisotropy as
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rω = Λω − 1
Λω + 2 . (13)

The values of rω are comparable to those of the steady state anisotropy (r) and the 

fundamental anisotropy (r0), At low modulation frequencies rω is nearly equal to r. At high 

modulation frequencies rω approaches r0.

The anisotropy data were fit to expressions like (4) but two variations are possible. In all 

cases (except indole in methanol) the total anisotropy was considered to be an unknown 

parameter, so the variable terms in (4) were the values of Θi and of r0 gi. For the shortest 

correlation time (indole in methanol), we assumed the fundamental anisotropy was known, 

and this value was held constant for the analysis. This additional constraint improves the 

resolution of the anisotropy decay, especially for rapid anisotropy decays, for which limited 

time resolution can result in a decrease in the apparent value of r0 (Papen-huyzen and Visser 

1983; Visser et al 1985). Nonetheless, the same correlation time was recovered for indole 

using either a fixed or tree value for r0 in the fitting procedure.

To perform the analysis described above if is necessary to know the form of the intensity 

decay at each quencher concentration. In The presence of quenching these decays become 

more heterogeneous due to transient effects in quenching (Lakowicz et al. 1987c, d). Al each 

quencher concentration the intensity decays were fit to

IT
Q t = ∑

i
αie−ℐ/τi

(14)

where αi are the pre-exponential factors and τi are the apparent decay times. The fractional 

intensity of each component to the steady slate emission is given by fi = αiτi/∑iαiτi. The 

parameters in (14) were obtained by least-square analysis, analogous to that described above 

for the anisotropy decays (Lakowicz et al. 1987a), Because of the transient effects it is 

probable that the decays are not precisely described by (14). This is not important for the 

anisotropy analysis, the only requirements are that the parametrized form of the intensity 

decay closely describes the actual decay and that all the components in the intensity decay 

sire associated with all those in the anisotropy decay. We used the best two or three 

exponential fit for IT
Q t  for analysis of the anisotropy decays. Some of these intensity decays 

are summarized at the end of the paper, in Tables 3 and 4.

Materials and methods

Frequency-domain measurements were performed using a recently constructed instrument 

with a upper frequency limit of 2 GHz (Lakowicz et al. 1986c), The improved frequency-

range was obtained by two modifications of our previous instrument (Lakowicz and Maliwal 

1985). The CW laser source was replaced with a cavity-dumped dye laser delivering 5 ps 

pulses at 3.7931 MHz. This source provides harmonic content at each integer multiple of the 

pulse rate to many GHz. Detection of the high frequency components was accomplished 

with a micro-channel plate PMT with external cross-correlation. The data are collected using 
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a dedicated Mine 11/23 computer. and then transferred to a Dec 11/73 for analysis. For all 

analyses the uncertainties (δΛ and δΛ) were taken as 0.2 degrees in the phase angle and 

0.005 in the modulation ratio, respectively. We note that there is presently no general method 

to determine the actual experimental uncertainties in the frequency-domain data. We found 

the stated values to be characteristic of our instrument, as observed from years of 

experience. Moreover, except at the limits of resolution, the recovered parameters are not 

dependent upon the precise values chosen for δΛ and δΛ. (Gratton et al. 1984: Lakowicz et 

al. 1984), The probabilities of χR
2  values for different degrees of freedom were obtained 

from a program called STATS supplied by Edinburgh Instruments, Scotland.

NATA was from Aldrich, ACTH (1–24) was a gift from Ciba-Geigy, and monellin was from 

Worthington (54D463). and all were used without further purification, Acrylamide was from 

Bio-Rad, electrophoresis grade, greater than 99.9% pure, lot 27965. RNase T1 was a gift 

from M. Eftink (University of Mississippi) and S. nuclease was a gift from L. Brand (The 

Johns Hopkins University).

The samples were excited at 300 nm for acrylamide quenching, and at 298 nm for oxygen 

quenching. For NATA in propylene glycol at −60°C the fundamental anisotropies are 0.317 

and 0.311, For 300 and 298 nm excitation, respectively. Thus, the anisotropy decays are 

expected to be similar for these two closely spaced wave-lengths. The emission was 

observed through a Schott WG320 filter. Emission spectra were taken of all the quenched 

and unquenched samples, and were found to agree with the expected spectra. For 

measurement of the intensity decay the observation polarizer was set at the magic-angle 

orientation and the excitation polarizer was vertical. Oxygen quenching measurements were 

carried out as described previously (Lakowicz and Weber 1973a; Lakowicz et al. 1983). The 

observed anisotropies are about 8% smaller in the oxygen pressure cell than in the usual 1 

cm2 cuvette holder. At 300 and 298 nm these values for NATA in the pressure cell are 0.291 

and 0.286, respectively. We did not correct for this effect, which is probably due to 

imperfections or strains in the quartz windows of the cell, which are 0.25 inches thick. 

Unless indicated otherwise all measurements were made at 20°C.

Results

Simulations of frequemy-domain data for quenched samples with segmental mobility

Frequency-domain measurements of anisotropy decays are relatively unfamiliar, especially 

when combined with measurements of quenched samples. Hence, it is of interest to examine 

simulated data which illustrate the general features of the data observed for proteins. Figure 

1 shows simulated differential phase and modulation data for a double exponential 

anisotropy decay, with assumed correlation times of 10 ns and 100 ps. These values are 

assigned to overall protein rotation and local motions of a tryptophanyl residue, respectively. 

To be comparable with the data found for the proteins the fundamental anisotropy (r0) was 

0.30, the fractional amplitude of the segmental motion was taken as 0.07, and the 

unquenched lifetime was 4,0 ns. We assume the lifetime was reduced to 2 ns or to 0.5 ns by 

quenching. In practice the decays become more heterogeneous in the presence of quenching, 

but this is not important for the simulations.
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The existence of two rotational motions is easily visible in the frequency-response of the 

polarized emission. These motions are evident from the two peaks in the differential phase 

angles, which are due to the individual motions of 10 and 0.1 ns, The assignment of the 100 

ps motion to the peak at higher frequencies is demonstrated by the dashed line, which shows 

the phase angles for the 0.1 ns component alone, with a maximum near 2 GHz. There are a 

two features of the data from the quenched samples which provide increased resolution of 

the anisotropy decay. First, the data can be obtained to higher frequencies for the samples 

with shorter decay times. This is because the emission with the shorter lifetimes is less 

demodulated. The solid regions of the curves show the measurable frequency range when the 

modulation of the emission is 20% or larger, relative to the modulation of the incident light. 

Using this criterion the upper frequency limit in the absence of quenching (τ0 = 4ns) is only 

300 MHz. If the lifetime is reduced 8-fold to 0.5 nscc then the upper frequency limit is 

increased to 2 GHz, which provides more data at frequencies characteristic of the faster 

motion.

Quenching also increases the information content of the modulated anisotropies (lower 

panel, Fig. 1). At low frequencies this value is equal to the steady-state anisotropy. which is 

increased by quenching. Once again, the measurable range is extended to 2 GHz by 

reasonable degrees of quenching. The values of rω for the unquenehed sample increase over 

the frequency range from 20 to 100 MHz, which is the portion of rω which depends upon 

overall rotation of the protein. For the quenched sample the higher frequency data begin to 

show a contribution from the fasler motion. Evidently, still higher frequency measurements 

would be desirable to reach rω=r0=0.3, which have recently become available (Lakowicz et 

al. 1990).

The phase and modulation data (Δω and Λω) are both used to recover the anisotropy decay 

(5)–(9). We believe that inclusion of the modulated polarization ratio Λω (9) in the analysis 

contributes significantly to improved resolution and to stability of the least-squares 

minimization, but to date we have not performed adequate simulations to provide a 

quantitative statement of the advantages of using both Δω, and Λω.

An advantage of measuring a series of progressively quenched samples is that the data are 

determined to different extents by the two motions. As the decay time is decreased by 

quenching, the data is shifted towards higher frequencies, and the contribution of overall 

diffusion is decreased (Fig. 1). The same motions determine the values of Δω and Λω in the 

quenched and the unquenehed samples. However, the proportions each motion contributes 

are different. Hence, we expect increased resolution by simultaneous analysis of the data 

from a series of progressively quenched samples. This approach is an extension of the global 

methods described by Brand and co-workers (Knutson et al. 1983), which has been extended 

to the frequency-domain data for analysis of intensity decays (Beechem et al. 1983; Gratton 

et al. 1984; Lakowicz et al. 1984) and for anisotropy decays (Gryczynski et al. 1987, 1988a, 

b; Lakowicz et al. 1987 b).

It should he noted that we have previously obtained resolution of local and global motions of 

tryptophan residues in proteins without the use of quenching. and with an instrument-limited 

frequency range of 200 MHz (Lakowicz et al. 1986a), This was possible because of another 
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favorable feature of the differential phase data, which is the near Lorentzian distribution of 

the phase singles. Because of this distribution, each motion contributes significantly to the 

data across even this limited frequency range, This can be seen from the dashed line in Fig. 

1. Because of the line shape the phase angle of the 0.1 ps component with r0 gi = 0.07 is near 

2 deg at 200 MHz. Hence, the differential phase method provides a rather robust estimation 

of the anisotropy decay, even when the frequency range is limited.

Finally, the simulations indicate that it should be possible lo measure correlation times 

which are near 10 ps (not shown). With a decay time near 0.2 ns a 10 ps motion would result 

in a phase angle of 6 deg at 2 GHz, which is 30-fold in excess of our noise level of 0.2 deg. 

Even if the noise level increases to 0.5°, which sometimes occurs due to the low intensity of 

a quenched sample, the correlation time would still be measurable with an uncertainty of 

about ± 2 ps. Additional information on the resolvability of anisotropy decays from the 

frequency-domain data have been published elsewhere (Maliwal and Lakowicz 1986).

Anisotropy decays of single tryptophan proteins

Anisotropy decay data are presented in Figs. 2–6 for four single tryptophan proteins, RNase 

Tt, S. nuclease, monellin and ACTH. For each protein we measured the frequency-domain 

anisotropy data in the presence of up to six different concentrations of acrylamide ranging 

from 0 to 1.5 M and four different concentrations of oxygen, ranging from 0 to 0.14 M. The 

data for each protein were analyzed to recover a single anisotropy decay law, which are 

reported in Tables 1 and 2 for acrylamide and oxygen quenching, respectively. We found 

very good agreement between these two series of measurements. which indicates the basic 

correctness of our assumption that the anisotropy decay is not altered by quenching. In all 

cases the total amplitude of the anisotropy decays are about 5% lower for oxygen than for 

acrylamide. We believe this effect is due to depolarization of the emission due to the 

windows used in the oxygen pressure cell, Such effects have been observed, but to a larger 

extent, in kilo-bar pressure cells which have thicker optical windows (Paladini and Weber 

1981 a, b; Lakowicz and Thompson 1983; Chong and Weber 1983).

The polarized frequency responses (Figs. 2–6) depend upon quencher concentration because 

these dynamic quenchers decrease the decay time of the tryptophans. In general, it is 

desirable to obtain the widest possible range of decay times. In practice, one is limited by 

the decay lime of the unquenched sample and the amount of quenching obtainable for each 

of the tryptophan residues. The extent of quenching varied among the proteins and was 

different for each quencher. For instance, the average decay lime of the buried residue in 

RNase T1 could be decreased about 50% by either 1 M acrylamide (Table 3) or 0.144 M 

oxygen (Table 4). In contrast, the decay time of the exposed tryptophan residue, was 

decreased nearly 8-fold by 0.6 M acrylamide and 4-fold by oxygen. Still higher degrees of 

quenching were obtained for NATA and the tripeptides, where the decay times were 

decreased about 10-fold by acrylamide quenching and 5-fold by oxygen quenching.

The effects of quenching on the intensity decays is complex, and beyond the scope of the 

present paper The results cannot be characterized by the Sten-Volmer equation, which 

describes the system by an unquenched lifetime and a Stern-Volmer quenching constant. this 

is because the decay laws, except for RNase T1 and NATA, are more complex than a single 

Lakowicz et al. Page 9

Eur Biophys J. Author manuscript; available in PMC 2020 July 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exponential, even without quenching. More importantly, the intensity decays become 

increasingly heterogeneous as the concentration of quencher is increased. This is shown for 

RNase T1 in Fig. 7. In the absence of quenching (●) the intensity decay is closely fit by the 

single exponential model (–––), in agreement with James et al. (1985) and of Eftink and 

Ghiron (1987a). In the presence of 1.5 M acrylamide the single exponential model fails, as 

can be seen from the mismatch between the data (○) and the single exponential model, the 

systematic deviations, and the increase in χR
2  from 0.97 ti 52.8. The increase in χR

2  is 

progressive with increasing quencher concentration for both quenchers. The extern of 

quenching-induced heterogeneity for RNase T1 is the least found among the proteins and 

peptides described In this report. Some of these data are summarized in Tables 3 and 4. We 

attribute the increased heterogeneity to transient effects in quenching, or equivalently, the so-

called “time-dependent” quenching constants.

For RNase T1 the differential phase data are distributed nearly as a Lorentzian on the log-

frequcncy scale Fig. 2). Quenching by acrylamide results in a monotonic decrease in the 

amplitude of the phase angles, but does not alter the shape of the curve. One notices that the 

frequency of the differential phase maximum shifts to higher frequency with quenching. In 

this case the frequency shift is due to the change in the mean decay lime, as the differential 

phase maximum depends on the lifetime, as well as the correlation time, of the molecule, It 

should also ho remembered that the intensity decays become more heterogeneous with 

quenching, in which case a perfect Lorentzian shape is not expected for Δω (or more 

correctly log Λω) versus log-frequency. The decreasing phase angles on the high-frequency 

side of the curve indicate the absence of tryptophan motions: other than overall protein 

rotation.

Also shown in Fig. 2 are the frequency-dependent values of the modulated anisotropy (lower 

panels). At low frequency these values are equivalent to the steady-state anisotropies, which 

are seen to increase as the lifetime is decreased by quenching- In the case of RNuse T1, the 

tryptophan residue is highly shielded from the aqueous phase, and the lifetime is decreased 

only 2-fold in the presence of 1.5 M acrylamide, As expected, the decreased lifetime results 

in increased values of rω at low frequencies. At high frequencies rω is expected to become 

equal to the value of r0, which is not expected to depend on quencher concentration. These 

expectations were satisfied by the data, and the high frequency value of r0 was found to be 

0.31, is in good agreement with the value of 0.31 measured for NATA in propylene glycol at 

−60°C, which should correspond closely to r0. The simulations (Fig. 1) indicated that 

motions on the 100 ps timescale or faster result in the high frequency (up to 2 GHz) values 

of rω considerably less than r0. Hence, the rω data also indicate the absence of rapid motions 

of the tryptophan residue in RNase T1.

The data for all five acrylamide concentrations were analyzed globally to recover the 

anisotropy decay. This decay appears to be best described as a single exponential with a 

correlation time near 6.5 ns (Table 1), An essentially identical anisotropy decay was 

obtained with oxygen quenching (Table 2). The agreement between the results obtained with 

two different quenchers, and the ability to fit the data at all quencher concentrations to a 

single anisotropy decay, strongly supports our assumption that the anisotropy decay is not 
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altered by the quencher. The data for RNase T1 do not support a two correlation time model 

We only observed a modest 20% decrease in χR
2  for the acrylamide series (Table 1), and no 

decrease in χR
2  for the oxygen series (Table 2). While the probability of a 20% increase in 

χR
2 , with our approximate 150 deg of freedom is small (i.e. 5%), we have found from 

experience that such modest decreases in χR
2  generally do not result in reliable Fits. 

Moreover, for analysis of either series of data, the second correlation time was also on the ns 

timescale, i.e. is long compared to the correlation times characteristic of independent 

motions of the tryptophan residues. Also, the amplitude of this motion was small. Hence, it 

appears that this residue does not display detectable rapid motion on top of the overall 

rotational diffusion of the protein, which is in agreement with the recent observations of 

James et al. (1985) using a picosecond laser and time-correlated single-photon counting.

Similar data for the S. nuclease are shown in Figs. 3 and 4. The profiles are similar to those 

of RNase T1, in that the distribution is nearly Lorentzian. However, the phase angles for the 

nuclease are distributed asymmetrically, with higher values on the high-frequency side of the 

curves. This effect was observed for both acrylamide (fig. 3) and oxygen quenching of 

nuclease (Fig.4). The elevation in the high frequency phase angles is consistent with some 

degree of tryptophan segmental motion. The extent of this motion is not very large, as is 

indicated by the high frequency values of rω, which approach the expected value of r0.

The anisotropy decay of the nuclease displays two correlation times, 90 and 10 200 ps. The 

latter is clearly due to overall rotation, while the shorter is the result of segmental motion of 

the tryptophan. The amplitude of this motion was rather small, contributing only about 6% 

to the total zero-point anisotropy. Nonetheless, the presence of the 90 ps motion is clearly 

required by the data. Attempts to fit the data to a single correlation time resulted in a two-

fold increase in χR
2 . For our experiments, with about 150 deg of freedom, a model yielding 

2-fold increase in χR
2  can be rejected with a certainty of 99.9% More precisely, such an 

increase in χR
2  can occur with only a 0.1% probability as a result of random sampling the 

data (Bevington 1969). The similar values of the correlation times and the amplitudes 

obtained with the two quenchers increases our confidence in the bi-exponential analysis.

The most dramatic feature of the anisotropy data is the wide variation of the form of the 

frequency responses. This variation is seen by comparing the data for monellin (Fig. 5) or 

ACTH (Fig. 6) with the data from RNase T1 or S. nucleasc (Figs. 2–4). Much greater 

asymmetry was seen for monellin, which shows evidence for two maxima in the differential 

phase profiles (Fig. 5). These differences are due to the larger amplitude of the tryptophanyl 

segmental motions, which increase the high frequency phase angles. For monellin the 

maximum centered near 80 MHz is due to the 6 ns correlation time. As the emission is 

quenched, the overall protein rotation contributes less to the data, resulting, in a single 

maximum near 300 MHz. The phase angles at higher frequencies are due predominantly to 

the 275 ps tryptophan motion. This is seen from the dashed line, which represents phase 

angles expected for a 275 ps motion, r0 gi = 0.075, and with the intensity given by the three-

component decay in Table 4. In the case of monellin the tryptophan residue shows 

substantial local motions, with an amplitude accounting for 25% of the total zero-point 
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anisotropy. The larger amplitude of the tryptophan motions is also evident from the 

modulated anisotropies, which show evidence of a shoulder in the absence of quenching, but 

not with quenching (lower panel, Fig. 5). The longer timescale (275 ps) of this larger 

amplitude motion suggests that it results from concerted motions of several amino acid 

residues, whereas the more rapid motion found for the nuclease may represent local 

oscillations of the indole ring. Alternatively, the longer apparent correlation time for the 

larger amplitude motions may be the result of “wobbling in a cone”, as described by 

Kinosita et al. (1977). At this time we cannot stale whether the observed correelation times 

reflect this one model, or the apparent viscosity of the protein which surrounds the 

tryptophan residues.

The last protein studied was ACTH (1 24), which behaves as a random coil in aqueous 

solution. The single tryptophan residue is located at position 8, and is thought to be fully 

exposed to the aqueous phase (Eftink and Ghiron 1976). There is only slight evidence of the 

overall ACTH rotation in the phase data (Fig. 6), which is seen as a shoulder near 100 MHz. 

After quenching the phase data is more characteristic of a single correlation time on the sub-

nanosecond timescale. It is interesting to notice that the timescale of the local motion (200 

ps) appears to be slower than that found for the nuclease (90 ps).

Uncertainties in the correlation times

It is important to know the uncertainties of the correlation times summarized in Tables 1 and 

2. While the uncertainties can be estimated from the feast-squares analysis (Bevington 

1969), these estimates are suspect because they do not consider correlation between the 

parameters (Johnson 1983: Johnson and Frasier 1985). We analyzed the data in a manner 

which is time-consuming, but which accounts for all possible correlation among the 

parameters. The data sets were analyzed with a fixed value for one of the correlation times, 

with the other correlation time and two amplitudes (r0 g1, and r0 g2) as floating parameters. 

The least-squares fits were recalculated to determine the new minimum value of χR
2  with the 

floating parameters adjusted to compensate for the fixed correlation time. This procedure 

has been used previously for fluorescence intensity decays (Lakowicz et al. 1984) and for 

decays of fluorescence anisotropy (Maliwal and Latowicz 1986; Lakowicz et al. 1987b; 

Gryczynski et al. 1988a, b). We stress that our procedure of recalculating the χR
2  surface for 

each parameter, with the remaining parameters varied, is more rigorous than the search 

along parameters or eigenvector axes (Beechem et al. 1985).

The correlation time χR
2  surface is shown in Fig. 8 for the S. nuclease data. Determination of 

the experimental uncertainties requires a selection of the probability that random 

fluctuations could account for the elevated value of χR
2  We determined the range of 

correlation times consistent with the data by choosing the range of χR
2  values, over the 

minimum value of χR
2 , which would occur 67% of the time for random fluctuations in the 

data. For instance, a typical frequency-domain data set might contain data at 20 frequencies, 

resulting in 40 data points (phase and modulation) at each quencher concentration. At four 

quencher concentrations there are about 160 data points, and hence nearly 160 deg of 
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freedom. An elevation of χR
2  by 1.05-fold over the minimum value is expected to Occur 33% 

of the time for random errors. Hence, this range of χR
2  values may be regarded as defining 

the range of correlation times consistent with the data. A 1.2-fold elevation in χR
2  is adequate 

to reject the fixed value of the correlation time with a probability of 95%.

Examination of the χR
2  surfaces from this procedure reveals the resolution of the 

measurements as well as the uncertainties in the correlation times. It is important to 

understand how the uncertainties estimated from the χR
2  surfaces compare with other 

estimates of the uncertainties. This comparison will be described elsewhere (Lakowicz et al. 

1990). Briefly, this method probably overestimates the uncertainties by several-fold, 

depending upon the specific data in question. The uncertainties recovered from the least-

squares analysis (Bevington 1969) are typically two- 10 ten-fold smaller that those found 

from the χR
2  surface. Also, the agreement between the oxygen and aerylamide experiments is 

closer than might be expected from the 67% limits on the χR
2  surfaces. Finally, we used 

repetitive simulations and analyses to recover the range of correlation times expected from 

random errors (Lakowicz et al. 1990), and this range is two to eight-fold smaller than found 

from the χR
2  surface. For instance, the repetitive simulations indicate an uncertainty of 36 ps 

for the short correlation time of nuclease, as compared to 65 ps from the χR
2  surface. For the 

10.9 ns correlation time the repetitive analysis indicates as uncertainty of 0.09 ns, whereas 

the χR
2  surface indicates a range of 0.8 ns. Comparison of the independent measurements on 

S. nuclease in Tables 1 and 2 indicates that the smaller uncertainty estimates are adequate to 

account for the variation between the measurements. Hence, the uncertainties in the 

correlation times described in the following paragraphs are overestimates of the actual 

uncertainties. However, irrespective of this probable overestimate of the uncertainties, we 

believe it is preferable to use the χR
2  surfaces described above. If the parameter values are 

closely spaced, then parameter correlation is the dominant determinant of the uncertainties. 

Under these conditions the normal uncertainties for the least-squares error matrix will 

underestimated the uncertainties.

The χR
2  surface for nuclease illustrates the enhanced resolution of the anisotropy decay 

which results from global analysis (Fig. 8). If only the data from the unquenched sample is 

analyzed, then there is little resolution of the faster motion. This is seen from the lack of 

sensitivity of χR
2  to the value of this correlation time (solid line). However, even this weak 

dependence of χR
2  adequate to obtain reasonable estimates of the short correlation time, In 

contrast χR
2  is strongly dependent on the value of this correlation time (dashed line) when the 

quenched and unquenched data are globally analyzed. It should be noted that the value of χR
2

increases as the short correlation time is decreased towards zero. The 10% increase in χR
2

found at ϕ1 = 2 ps indicates that this correlation time can be rejected with 75% certainty. The 

χR
2  surface for the acrylamide-quenched samples of the nuclease display a similar 

dependence of χR
2  on the short correlation time (not shown). As was discussed above, these 
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are probably conservative estimates of the range of correlation times consistent with the 

data. Repetitive simulation and analysis indicates she range of the 90 ps correlation time is 

±30ps. Hence, the data for nuclease do not appear to be consistent with a correlation time 

near 2 ps. There is less uncertainty in the short correlation times found for monellin or 

ACTH because these correlation times are longer and of larger amplitude.

Sub-nanosecond anisotropy decays

We examined the anisotropy decays of NATA, and of two tripeptides, leu-trp-leu and gly-trp-

gly. We felt that data on these tripeptides and NATA might be useful for comparison with 

molecular dynamics calculations, possibly in the presence of solvent. We expected the 

correlation time of NATA to be characteristic of tryptophan motions in proteins, and that of 

the tripeptides lo be typical of concerted motions of several amino acid residues. In 

tripeptides, the central tryptophan residue is adjacent to either gly or leu, in anticipation of 

possible effects of the larger leucyl side chains on the indole motions.

The anisotropy data for leu-trp-leu and gly-trp-gly are shown in Figs. 9 and 10, respectively. 

In each case the upper frequency limit of the measurements was increased about 5-fold by 

quenching. The two tripeptides showed distinct anisotropy decays. The decay of leu-trp-leu 

was characterized by a single exponential with a correlation time of 160 ps. The leucine-

containing tripeptide shows a maximum in the differential phase profile near 800 MHz (Fig. 

9). The maximum near 800 MHz is probably the result of the indole motions being hindered 

by the adjacent leucyl side chains, resulting in the anisotropy decay being due predominantly 

to overall rotational diffusion of the tripeptide. If such a maximum exists for gly-trp-gly it 

occurs near 2 GHz or higher (Fig. 10). The anisotropy decay of gly-trp-gly displayed two 

correlation times with values of 39 and 135 ps. Apparently, the leucyl side chains suppress 

the 39 ps component which was seen in gly-trp-gly. Using (11) and (12) this faster motion 

(Θ1) has a true correlation (ΘT) time of 55 ps, which we believe is due to motions of the 

indole ring relative to the tripeptide. For the still smaller molecule NATA, there is no 

evidence of a differential phase maximum even at 2 GHz (Fig. 11). This is, of course, due to 

the faster overa11 rotation of NATA as compared to the tripeptides. The correlation time 

(ΘT) of 56 ps for NATA is close to the correlation time (ΘT) of the indole motion for gly-trp-

gly. In this tripeptide the motion is large in amplitude, accounting for 70% of the zero-point 

anisotropy. For NATA the 55 ps motion accounts for the entire anisotropy decay, at least 

within the currently available resolution.

Remarkably, there is relatively little uncertainly in these values, as can be judged from the 

χR
2  surfaces for these correlation times (Fig. 12). Using the criteria described above, the 39 

ps value is known to within ±20 ps and the 135 ps value lo within ±55 ps. Repetitive 

simulation and analysis indicates somewhat smaller uncertainties, these values being ±11 ps 

for the 39 ps correlation lime and ±34 ps for the 135 ps correlation time. The usefulness of 

obtaining data front quenched samples is immediately evident from Fig. 12. Without this 

data the value of χR
2  is insensitive to the precise values of the correlation times, and it might 

even be difficult to determine that the anisotropy decay of gly-trp-gly is a double 

exponential, For NATA we recovered a single correlation time of 56 ps. Examination of its 
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χR
2  surface indicates the 67% probability range is from 54 to 58 ps. There appears to be little 

uncertainly in this 56 ps correlation time. This value could also be recovered by analysis of 

the data from only the unquenched sample. However, the 67% range increased lo 1 lo 100 

ps, as indicated by a 1.1-fold increase in χR
2  with 45 deg of freedom. It should be noted that 

these ranges were calculated with r0 as a variable parameter. If r0, is held fixed at the known 

value then the uncertainly is ±0.8 ps and ±2 ps, for the quenched and the unquenehed 

samples, respectively. This illustrates the values of fixing r0 whenever its value is known.

A 12 picosecond correlation time

The phase angles for NATA were as large as 16 deg for a frequency of 2 GHz (Fig. 11). 

Since the random error in the differential phase angles is 0.2 to 0.5 deg it was of interest to 

identify a molecule which would rotate more rapidly and thereby test the fastest motions 

which could be measured by our technique. We chose indole because it lacks the side chain 

of NATA, and, we used methanol at 40°C as a solvent because we expected the low viscosity 

(0.456 cp) to ensure a short rotational correlation time. Indole was quenched with 0.3 M 

acrylamide to shorten its lifetime and to allow measurements to the 2 GHz limit. In the 

presence of acrylamide its decay time was near 0.2 ns. Even in this highly fluid solvent the 

differential phase angles are as high as 7 deg at 2 GHz (Fig. 10). A correlation time of 12 ps 

was recovered, irrespective of whether the value of r0 was held fixed or floating (Table 1). 

The uncertainty in this 12 ps correlation time is quite small. If r0 is held fixed in the analysis 

then the χR
2  surface indicates an uncertainty of less than 1 ps. If r0 is left free, then the range 

is ±3 ps.

Discussion

The frequency-domain measurements do not provide a direct visualization of the time-

dependent anisotropy decays, Hence, some of the decays are reconstructed in Fig. 13. The 

figures show only the initial portions of the decay, as they become linear at longer times due 

to domination by overall rotation of the proteins. There are wide variations among the 

proteins and peptides. The buried residue in RNase T1 shows no evidence of segmental 

tryptophan mobility, and the decay is characterized by a single correlation time (not shown). 

A small fast component is seen for nuclease, and a larger initial component is seen for 

monellin. For ACTH only the initial fast component is visible on this timescale. The 

anisotropy decay for leutrp-leu is a single exponential, and that of gly-trp-gly reveals both 

the local ring motions as well as overall peptide rotation. The anisotropy values can be 

interpreted in terms of the time-dependent angular displacements of the tryptophan residue, 

using either the classical inter-pretation of the average angle (Weber 1952), or specific 

models such as “wobbling in a cone” (Kinosita et al. 1977). In either case it should be 

possible to compare these experimentally determined anisotropy decays with theoretical 

calculations for these same peptides or proteins.

It would be useful to know whether the results of molecular dynamics calculations are 

consistent with the experimentally recovered anisotropy decays. Unfortu nalely. such 

calculations have not been performed for these proteins or peptides (Tables 1 and 2). Hence 

we examined the consistency of the calculations on other proteins with our data. Motions 
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with characteristic times of 2 ps have been predicted for tyrosine in BPTI (Levy and Szabo 

1982: Karplus and McCammon 1981), and for some tryptophan residues in lysozyme 

(Ichiye and Karplus 1983; Olejniczak et al. 1984). A 15 ps correlation time was predicted 

for tryptophan 62 in lysozyme (Ichiye and Karplus 1983). Hence, we attempted to fit the 

data to various anisotropy decay models which contained a fixed correlation time of (Θ1 or 

ΘT) 2 or 15 ps (Table 5), We used the two correlation time model with the total anisotropy 

(r0) free or fixed at the measured value of 0.317, We found that the data were not consistent 

with correlation times of 2 or 15 ps, as seen from elevated values of χR
2  and/or unreasonable 

values for the amplitudes (r0 gi) For instance, if Θ1 (here close to ΘT) is held constant at 2 ps 

for either nuclease, monellin or RNase T1 then the amplitude of this motion is unacceptable 

high. For monellin the value of χR
2 = 11.1 is easily adequate to reject a model with a 2 ps 

correlation time. If r0 is held fixed in the two correlation time analysis, along with a fixed 2 

or 15 ps correlation time, then χR
2  is substantially elevated for nuclease and monellin. For 

RNase T1 the value of χR
2  is not elevated, but the amplitude of the motion is small. In all 

eases the amplitudes of the 2 ps motions are found to be small, 0.014, 0.035 and 0.007 for 

nuclease, monellin and RNase T1, respectively, The agreement is not sub-stantially 

improved if the short correlation time is increased lo 15 ps. With r0 variable for nuclease the 

total anisotropy (0.393) is unacceptably high and for monellin the value of χR
2  is 

substantially elevated. With r0 fixed and Θr = 15 ps the χR
2  values are both elevated. We also 

tried to fit the data to a three correlation time model. In this case it was necessary to fix r0 in 

order to obtain convergent analyses. This analysis tended to yield insignificant amplitudes 

for the 2 or 15 ps motion. with the intermediate correlation time tending towards those listed 

in Tables 1 and 2. From these analyses we conclude that significant indole motions with 

correlation times for 2 to 15 ps are not consistent with the present data. Recently. two 

divergent reports appeared on simulated molecular dynamics or the trp residue in RNase T1 

(Axelsen and Prendergast 1989; MacKerrel et al. 1988). Our experi-mental results on RNase 

T1 are not in agreement with the 100 ps-22 degree motion found by MacKerrel et al. (1988). 

but are consistent with the simulated anisotropy plateau of 0.279 found by Axelsen and 

Prendergast (1989). It should be emphasized that a rigorous comparison of experiment 

results and calculations requires that results be compared for the same proteins.
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Ac acrylamide

ACTH adrenocorticotropic hormone (1–24)
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BPTl bovine pancreatic trypsin inhibitor

NATA N-acetyl-l-tryptophanamide

RNase T1 ribonuclease T1

S. Nuclease staphylococcus aureus nuclease
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Fig. 1. 
Simulated frequency-domain anisotropy data. The simulated correlation times were assumed 

to be 0.10 and 10.0 ns. with amplitudes of 0.07 and 0.23, respectively. Simulated data are 

shown for decay times of 4. 2 and 0.5 ns. The solid regions of the curves indicate the 

measurable frequency range, where the modulation is 0.2 or larger Tor the intensity decay. 

The dashed line shows the phase values expected for the 0.1 ns correlation time, with the 

smaller amplitude (0.07)
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Fig. 2. 
Frequency-domain anisotropy data for RNase with acryl- amide quenching. Data are shown 

for acrylamide concentrations of 0, 0.25, 0.5, 1.0 and 1.5 M, In lhe tipper panel the smaller 

phase angles correspond to increasing concentrations of acrylamide. In the lower panel the 

larger modulated anisotropies correspond to increasing concentrations of acrylamide. The 

intensity decay parameters for selected samples are given in Table 3. In Figs. 2–6 the solid 

lines represent the best global fits to the data using one or two correlation times, and the dots 

represent the measured values
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Fig. 3. 
Frequency-domain anisotropy data for S. Nuclease with acrylamide quenching. The 

acrylamide concentrations are 0, 0.05, 0.19, 0.54, 0.83 and 1.15 M. The intensity decay 

parameters for 0 and 0.83 M acrylamide are given in Table 3
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Fig. 4. 
Frequency-domain anisotropy data for S. Nuclease with oxygen quenching. The oxygen 

concentrations were 0, 0.0247, 0.0588 and 0.1428 which are equivalent to equilibration with 

oxygen pressures of 0.245, 600 and 1485 psi at 20°C. respectively. The intensity decay 

parameters for 0 and 1485 psi oxygen (0.143 M) are given in Table 4
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Fig. 5. 
Frequency-domain anisotropy data for monellin with oxygen quenching. Data are shown for 

oxygen pressures of 0, 250, 600 and 1500 psi. The dashed lines show the values expected for 

a correlation time of 275 ps, with an amplitude of 0.075, and the three-component intensity 

decay for quenched monellin (Table 4, 0.144 M oxygen)
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Fig. 6. 
Frequency-domain anisotropy data for ACTH with oxygen quenching. Data are shown for 

oxygen pressures of 0, 250, 600 and 1500 psi
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Fig. 7. 
Intensity decay of RNase T1 without acrylamide (●) and with 1.5 M acrylamide (○). The 

solid lines show the best single exponential fit to the data. The lower panels show the 

deviations between the data and the best single exponential fit
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Fig. 8. 

χR
2  surface for the correlation rimes of nuclease using the frequency-domain data. The solid 

lines are for analysis of the data from the unquenched sample. The dashed line is for global 

analysis of the data at four oxygen concentrations (Fig. 4). We estimate the uncertainty in 

the correlation times from the range of χR
2  values which should occur 2/3 of the time due to 

random errors (≈67% confidence interval). Values of χR
2  above the horizontal dotted line 

should occur 33% of the time for repetitive measurements with random errors
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Fig. 9. 
Anisotropy data for Leu-tip-leu quenched by acrylamide. Data are shown for acrylamide 

concentrations of 0 (○). 0.5 (●) and 0.7 M (○)
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Fig. 10. 
Anisotropy data for Gly-Trp-CJIy. The acrylamide concen-trations are 0 (○) and 0.7 M (●). 

Also shown are data for indole in methanol at 40°C. quenched by 0.3 M acrylamide (Λ)
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Fig. 11. 
Anisotropy data lor NATA quenched by acrylamide. The acrylamide concentrations are 0 

(○), 0.2 (Λ) and 0.5 M (●)
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Fig. 12. 

χR
2  surface for the correlation times of Gly-tyr-gly (a) and of NATA (b) in aqueous solution 

at 20°C. The solid lines are for the unquenched samples, For gly-trp-gly (a) dashed lines are 

the χR
2  values for global analysis of data for 0.0, 0.3 and 0.7 M acrylamide. For NATA (b) 

the dashed line is for 0.5 M acrylamide. The horizontal dotted lines are the 67% confidence 

levels for χR
2  for the quenched samples
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Fig. 13a, b. 
Time-dependent anisotropy decays of proteins and peptides, from the impulse response 

functions in Table 1
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Table 1.

Anisotropy decays of single tryptophan proteins and peptides. obtained from global analysis with acrylamide 

quenching

Sample Θi (ps) r0 gi χR
2

RNase T1
a 6 520 0.310 1.76

2 110 0.022

7 140 0.290 1.45

S. Nuclease
b 9 890 0.303 1.99

91 0.018

10 160 0.301 0.97

Monellin
c 3 750 0.282 44.0

360 0.073

6 000 0.240 1.57

ACTH
d 625 0.260 85.3

200 0.189

1 800 0.119 2.00

Leu-try-leu
e 157 0.319 1.71

4 0.033

162 0.331 1.56

Gly-trp-gly
e 73 0.296 2.00

39 0.220

135 0.105 0.83

NATA
e 56 0.323 1.06

Indole in MeOH, 40°C 12
0.290

f 2.29

12
0.226

g 2.20

Unless indicated otherwise, all measurements are in aqueous buffer at 20°C

a
100 mM Na acetate. pH 5.5

b
25 mM tris with 100 mM NaCl. pH = 7.0

c
100 mM Na acetate, pH = 3.6

d
10mM phosphate, pH =7

e
25 mM tris, pH =7.5

f
r0 was fixed at 0.29

g
r0 was a floating parameter
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Table 2.

Anisotropy decays of single tryptophan proteins and peptides from global analysis with oxygen quenching

Sample
a Θi (ps) r0 gi χR

2

RNase T1 6 470 0.285 1.25

4 370 0

6 430 0.289 1.27

S. Nuclease 10 560 0.278 2.59

80 0.030

10 930 0.276 1.04

Monellin 3 540 0.270 62.8

275 0.075

6 020 0.227 0.96

ACTH 749 0.236 47.3

236 0.158

1 780 0.120 0.72

Leu-try-leu 151 0.274 1.33

0 0

149 0.279 1.33

Gly-trp-gly 92 0.241 2.17

48 0.213

177 0.075 1.65

NATA 55 0.271 1.01

a
See Table 1 for additional details
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Table 3.

Selected intensity decays for peptides or proteins with acrylamide quenching

Protein [Acrylamide] τi (ns) αi fi χR
2

RNase T1 0.0 3.85 1.0 1.0 0.97

1.0 M 2.13 1.0 1.0 19.2

1.0 0.30 0.11 0.02

2.23 0.89 0.98 2.3

S. Nuclease 0.0 5.46 1.0 1.0 8.0

0.0 4.60 0.68 0.57

7.31 0.32 0.43 1.2

0.83 1.33 1.0 1.0 219.2

0.83 0.42 0.44 0.16

1.79 0.56 0.84 2.45

Monellin 0.0 2.41 1.0 1.0 185.3

0.0 1.04 0.47 0.21

3.37 0.53 0.79 1.3

0.5 1.31 1.0 1.0 245.4

0.5 0.21 0.59 0.20

1.19 0.41 0.80 15.1

0.5 0.07 0.60 0.09

0.82 0.36 0.68

2.41 0.04 0.23 1.1

ACTH 0.0 2.43 1.0 1.0 212.7

1.14 0.53 0.23

3.62 0.47 0.74 0.9

0.6 0.32 1.0 1.0 1020.

0.6 0.10 0.74 0.29

0.68 0.26 0.71 36.6

0.6 0.04 0.65 0.14

0.35 0.30 0.53

1.24 0.05 0.33 0.9

Leu-trp-leu 0.0 2.04 1.0 1.0 300.3

0.0 0.59 0.47 0.16

2.77 0.53 0.84 1.6

0.5 0.18 1.0 1.0 871.6

0.5 0.05 0.81 0.33

0.42 0.19 0.67 9.6

0.5 0.01 0.90 0.21

0.25 0.08 0.51

0.66 0.02 0.28 1.7

Gly-trp-gly 0.0 1.12 1.0 1.0 649.1

0.0 0.41 0.66 0.28
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Protein [Acrylamide] τi (ns) αi fi χR
2

2.03 0.34 0.72 1.6

0.0 0.36 0.62 0.24

1.64 0.30 0.54

2.82 0.08 0.24 1.0

0.7 0.13 1.0 1.0 538

0.7 0.05 0.84 0.45

0.33 0.16 0.55 20.4

0.7 0.02 0.83 0.25

0.19 0.16 0.61

0.91 0.01 0.14 1.7

NATA 0.0 2.87 1.0 1.0 0.8

0.0 0.43 0.01 0.00

2.89 0.99 1.00 0.7

0.5 0.20 1.0 1.0 420.9

0.5 0.07 0.63 0.25

0.35 0.37 0.75 2.2
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Table 4.

Selected intensity decays for peptides and proteins with oxygen quenching

Protein [Oxygen] τi (ns) αi fi χR
2

RNase T1 0.0 3.83 1.0 1.0 0.8

0.144 M 1.91 1.0 1.0 39.0

0.144 0.37 0.15 0.03

2.06 0.85 0.97 1.8

S. Nuclease 0.0 5.42 1.0 1.0 5.9

0.0 4.89 0.84 0.76

8.34 0.16 0.24 1.1

0.143 1.70 1.0 1.0 265.2

0.143 0.29 0.36 0.07

20.8 0.64 0.93 1.6

Monellin 0.0 2.49 1.0 1.0 152.4

0.0 1.01 0.43 0.19

3.33 0.57 0.81 1.0

0.144 0.56 1.0 1.0 1336.0

0.144 0.11 0.67 0.18

1.06 0.33 0.82 3.1

0.144 0.10 0.66 0.16

0.97 0.32 0.75

2.30 0.01 0.09 1.4

ACTH 0.0 2.71 1.0 1.0 109.3

0.0 1.31 0.45 0.23

3.67 0.55 0.77 1.3

0.144 0.62 1.0 1.0 491.5

0.144 0.10 0.49 0.10

0.86 0.51 0.90 2.9

Leu-trp-leu 0.0 2.39 1.0 1.0 26.0

0.0 1.21 0.28 0.14

2.76 0.72 0.86 0.9

0.144 0.54 1.0 1.0 75.9

0.144 0.13 0.24 0.06

0.62 0.76 0.94 1.4

Gly-trp-gly 0.0 1.46 1.0 1.0 214.3

0.0 0.57 0.49 0.21

2.07 0.51 0.79 1.7

0.145 0.30 1.0 1.0 1159.0

0.145 0.07 0.68 0.20

0.59 0.59 0.80 18.4

0.145 0.01 0.89 0.08

0.23 0.07 0.33
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Protein [Oxygen] τi (ns) αi fi χR
2

0.74 0.04 0.59 2.2

NATA 0.0 2.95 1.0 1.0 1.0

0.144 0.51 1.0 1.0 174.9

0.144 0.05 0.37 0.05

0.59 0.63 0.95 1.6
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Table 5.

Analysis of data for S. Nuclease, Monellin and RNase T1 with fixed ps correlation times

Protein Θi (ps) r0 gi χR
2

Monellin
<2>

a 2.35

r0 variable 4 474 0.268 11.1

r0 variable <15> 0.361

4 536 0.266 9.9

r0=0.317 <2> 0.035

3 796 0.282 37.9

r0=0.317 <15> 0.036

3 888 0.281 32.3

r0=0.317 <2> 0.005

361 0.073

6 004 0.239 1.57

<15> 0.006

370 0.072

6028 0.239 1.55

Nuclease <2> 0.652

r0 variable 10 091 0.320 1.03

r0 variable <15> 0.091

10 104 0.302 1.01

r0=0.317 <2> 0.014

9 890 0.302 1.95

r0=0.317 <15> 0.014

9 932 0.303 1.72

r0=0.317 <15> 0.012

89 0.061

10 160 0.951 0.97

RNase T1 <2> 0.276

r0 variable 6 550 0.310 1.72

<15> 0.039

6 550 0.309 1.71

r0=0.317 <2> 0.007

6 520 0.310 1.76

r0=0.317 <15> 0.007

6 520 0.310 1.75

r0=0.317 <2> 0.005

2 530 0.032

7 350 0.280 1.44

r0=0.317 <2> 0.006

3 060 0.048
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Protein Θi (ps) r0 gi χR
2

7 640 0.263 1.45

a
The angular bracket indicates that the correlation time was held constant at the indicated values
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