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Picosecond Tryptophan Fluorescence of Thioredoxin: Evidence for Discrete 
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ABSTRACT: The steady-state tryptophan fluorescence and time-resolved tryptophan fluorescence of Escherichia 
coli thioredoxin, calf thymus thioredoxin, and yeast thioredoxin have been studied. In all proteins, the 
tryptophan residues undergo strong static and dynamic quenching, probably due to charge-transfer interactions 
with the nearby sulfur atoms of the active cysteines. The use of a high-resolution photon counting instrument, 
with a time response of 60 ps full width a t  half-maximum, allowed the detection of fluorescence lifetimes 
ranging from a few tens of picoseconds to 10 ns. The data were analyzed both by classical nonlinear least 
squares and by a new method of entropy maximization (MEM) for the recovery of lifetime distributions. 
Simulations representative of the experimental data were used to test the M E M  analysis. Strong support 
was obtained in this way for a small number of averaged discrete species in the fluorescence decays. 
Wavelength studies show that each of these components spreads over closely spaced excited states, while 
the temperature studies indicate that they do not exchange significantly on the nanosecond time scale. The 
oxidized form of thioredoxin is characterized by a high content of a very short lifetime below 70 ps, the 
amplitude of which is sharply decreased upon reduction. On the other hand, the fluorescence anisotropy 
decays indicate that reduction causes an increase of the very fast tryptophan rotations in an otherwise relatively 
rigid structure. While the calf thymus and E .  coli proteins have mostly similar dynamical fluorescence 
properties, the yeast thioredoxin differs in many respects. 

T io redox in  is a small ( M ,  11 700), ubiquitous protein with 
a redox-active cystine in its oxidized form, Trx-S2.* Reduction 
of Trx-S2 by NADPH and thioredoxin reductase gives the 
reduced form T ~ X - ( S H ) ~  with a dithiol. Thioredoxin functions 
in many important biological processes as an enzyme cata- 
lyzing dithiol-disulfide exchange with proteins (Gadal et al., 
1983; Holmgren, 1985; Holmgren et al., 1986). Thioredoxin 
from Escherichia coli is the best characterized molecule, with 
its amino acid sequence of 108 residues known (Holmgren, 
1968) and the three-dimensional structure of Trx-S2 solved 
by X-ray crystallography to 2.8-A resolution (Holmgren et 
al., 1975). The molecule has a high content of secondary 
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structure, with five strands of 8-pleated sheet and four a- 
helices, and the active site located in a protruding part of the 
structure. From the homology of primary structures, all 
cellular thioredoxins probably share this common fold as well 
as the conserved sequence of its 14-membered active disulfide 
ring: Trp3 1-Cys-Gly-Pro-Cys-Lys36 (Holmgren, 1985; 
Gleason & Holmgren, 1988). 

The structure of T ~ x - ( S H ) ~  is less well-known since it has 
not been crystallized. Reduction does not bring significant 
changes in the UV absorption spectra, the ORD, and the CD 
spectra in the far UV (Stryer et al., 1967; Reutimann et al., 
1981), while it gives a 3-fold increase in the tryptophan 
fluorescence emission (Stryer et al., 1967; Holmgren, 1972; 

’ Abbreviations: FWHM, full width at half-maximum; MEM max- 
imum entropy method; Trx-S2, Trx-(SH)2, the oxidized and the reduced 
forms, respectively, of thioredoxin; NADPH, nicotinamide adenine di- 
nucleotide phosphate (reduced); DTT, dithiothreitol; ORD optical rota- 
tory dispersion; CD circular dichroism; UV ultraviolet; NMR, nuclear 
magnetic resonance; DTNB, 5,5’-dithiobis(2-nitrobenzoic acid); NATA, 
N-acetyltryptophanamide; Boc, tert-butyloxycarbonyl; NHMe, methyl- 
amide. 
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FIGURE 1 : Local three-dimensional structure around the active site 
of oxidized E .  coli thioredoxin from X-ray crystallography at 2.8-A 
resolution (Holmgren et al., 1975). 

Table I: Partial Amino Acid Sequences around the Active Site of 
Thioredoxins 

source no. partial sequence no. 

Reutimann et al., 1981), a shift of one of the two NMR peaks 
of the indole N H  protons (Holmgren & Roberts, 1976), and 
small changes in the near-UV aromatic region of the CD 
spectra (Reutimann et al., 1981). The disulfide bridge has 
been previously suggested as a strong quencher of the tryp- 
tophan fluorescence in Trx-Sz (Holmgren, 1972), and the 
reduction to Trx-(SH)* was shown to normalize the fluores- 
cence of mainly Trp-28, suggesting a localized conformational 
change affecting this residue (Holmgren, 1973, 1981). Re- 
cently, the structural differences between E .  coli Trx-Sz and 
Trx-(SH)z were studied by two-dimensional high-resolution 
' H  NMR spectroscopy (Dyson et al., 1988). Sequential 
resonance assignments indicate only limited rearrangements: 
major chemical shifts were found at the active site and for a 
few residues in the strand & immediately preceding the ac- 
tive-site S-S bridge, where the two tryptophan residues Trp3  1 
and Trp-28 are found (Figure 1). Additional resonance shifts 
involve residues forming a flat hydrophobic surface close to 
the active site. 

We report here a time-resolved study at picosecond reso- 
lution of the tryptophan fluorescence of E.  coli thioredoxin, 
together with those of yeast and calf thymus thioredoxins that 
both contain a single tryptophan residue equivalent to Trp-3 1 
in the E .  coli protein (Table I). The kinetic fluorescence 
properties of thioredoxin were found extremely complex, since 
four to five exponential terms had to be introduced in the 
least-squares analysis of the fluorescence decays. A new 
analysis method for the recovery of lifetime distributions, based 
on entropy maximization (MEM), was developed recently by 
Livesey et al. (Livesey & Brochon, 1987; Livesey et al., 1986, 
1987). This method does not make use of a priori physical 
or mathematical models of the distribution and can handle 
both continuous and discrete lifetime distributions in a single 
analysis. It seems therefore well appropriate for the treatment 
of protein fluorescence kinetics, expected to show high levels 
of complexities and which for the moment is very incompletely 

understood on a theoretical level. The MEM analysis has 
allowed a new and powerful approach of the data in this 
particularly complex case. It has shown that a simple de- 
scription of the thioredoxin fluorescence may be valid if its 
discrete components can be associated with distinct confor- 
mational and dynamical states of the tryptophan residues. 

EXPERIMENTAL PROCEDURES 

Materials 
E .  coli thioredoxin (Holmgren & Reichard, 1967; Dyson 

et al., 1988), yeast thioredoxin (Gonzales Porqui et al., 1970), 
and calf thymus thioredoxin (Engstrom et al., 1974; Holmgren 
et al., 1989) were homogeneous preparations purified as de- 
scribed. Calf thymus thioredoxin contains, apart from the 
active-site disulfide, two additional half-cystine residues 
(Cys-61 and Cys-72) and was purified in its fully reduced 
form. Upon storage, air oxidation will result in formation of 
two disulfides per molecule. These oxidized preparations of 
the protein are here used as oxidized thioredoxin. They were 
subsequently reduced as described below. All thioredoxin 
samples were studied, except for the experiment at -5 "C, in 
a 50 mM Tris-HC1 buffer, pH 7.5, with 0.1 mM EDTA and 
0.02% sodium azide. The experiment at -5 "C was done in 
a 25% (w/w) mixture of glycerol with the above Tris buffer. 
Tryptophan and N-acetyltryptophanamide (NATA) were 
studied in a 10 mM phosphate buffer, pH 7.03 f 0.03 at 20 
"C, with 0.02% sodium azide. Due to the low fluorescence 
quantum yield of thioredoxin, the protein concentration was 
typically 130-1 70 l M / L  in the fluorescence decay measure- 
ments. Buffers were made of highly pure carbon-filtrated 
Millipore water and treated with active charcoal immediately 
before use. The fluorescence level of the buffers was main- 
tained in this way near 1% of the protein fluorescence, and 
no blank subtraction was performed. However, in the cases 
of the yeast and calf thymus thioredoxins, due to the low 
quantum yields and/or the low amount of material available, 
the fluorescence of the buffer amounted to a few percent of 
the protein fluorescence and had to be subtracted. Therefore, 
these samples were run before experiments through a small 
Sephadex G-25 column equilibrated with the freshly treated 
buffers, and the eluant buffer collected immediately ahead of 
the protein fractions was used as the blank. E. coli thioredoxin 
reductase, used for enzymatic assay of thioredoxin, was a pure 
preparation from the Physiological Chemistry Department 
(Karolinska Institute, Stockholm). 

Methods 
Enzymatic Assay. Activity of thioredoxin as a substrate 

for thioredoxin reductase was tested by using the DTNB assay 
(Slaby & Holmgren, 1979). No detectable loss of activity 
could be observed after several hours under laser excitation. 

Reduction of Thioredoxin. Reduction of thioredoxin was 
obtained by adding a small volume of concentrated DTT to 
a final concentration of 3 mM. The reaction, as followed by 
the increase of the thioredoxin fluorescence, was complete 
within a few minutes. Absorption of oxidized DTT in the 
range 280-300 nm (Iyer & Klee, 1973) was checked to be 
negligible in view of the quantum yield determinations. 

UV absorption 
spectra were recorded with a Varian Cary 118 UV-vis spec- 
trophotometer. Fluorescence spectra were obtained with a 
Shimadzu RF-540 fluorometer and were not corrected for 
monochromator and photomultiplier efficiency. The excitation 
and emission bandwidths were 2 and 5 nm, respectively. The 
apparent relative quantum yields were evaluated on samples 
of optical densities about 0.1 at the excitation wavelength and 

Absorption and Fluorescence Spectra. 
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were calculated by using L-tryptophan as a standard (a = 
0.144; Wiget & Luisi, 1978). 

Pulse Fluorometry Measurements. The fluorescence decays 
and fluorescence anisotropy decays were obtained by using a 
single photon counting instrument previously described (Rigler 
et al., 1984, 1986). A mode-locked argon laser synchronously 
pumped a Rhodamine 6G dye laser (Coherent) at a 76-MHz 
repetition rate. The 600-nm light pulses, of 6-ps duration, of 
the dye laser were extracted by cavity dumping and converted 
to 300 nm through a KDP frequency doubler. The repetition 
rate of the cavity-dumped exciting pulses was 7.5877 MHz. 
The fluorescence of the sample through cutoff filters (Schott 
& Gen.), and the partially reflected laser beam, were both 
detected by a proximity type microchannel plate detector 
(R1564U Hamamatsu), showing no significant wavelength 
dependence of its time response (Rigler et al., 1984, 1986). 
Conventional fast electronics modules for photon counting were 
used. The full width at half-maximum of the instrumental 
function, corresponding to the laser pulse convoluted through 
detection response, was routinely 60 ps. The instrumental 
function g( t ) ,  the unpolarized fluorescence decay im(t) 
(through a polarizer set at magic angle), the fluorescence 
polarized perpendicular to the exciting beam ip(t), and the 
dark current were measured sequentially during several tens 
of cycles and stored in groups of 2048 channels each. The time 
interval per channel was 21.4 ps. About lo7 total counts were 
collected in 15 min for each polarized component of the 
fluorescence decays, giving 1-2 X lo5 counts at the peak 
channel of im(t), depending on the kinetics. 

The measured components im(t) and ip(t) are convolution 
products of the fluorescence decay laws Im(t) and Ip(t) with 
the instrumental function g(t):  

im(t) = g(t )  * Im(t) (1) 
The correction factor @ = 0.950 f 0.003, independent of the 
wavelength (as determined from the depolarized part of the 
fluorescence decays of NATA and tryptophan), compensates 
for the difference in detection sensitivity between the magic 
and the perpendicular positions of the analyzer. 

A time shift had to be introduced in the analysis to account 
for the differences of optical pathways in the respective 
measurements of g(t) and im(t), ip(t). From the delay 
measured between the partially reflected laser beam and the 
light scattered by nonfluorescent lipid vesicles placed in the 
sample compartment, this time shift was estimated to be 90 
ps. However, fluctuations in the optical adjustments led to 
an uncertainty of less than 20 ps (one channel) on this value 
between experiments. Although the correct determination of 
this time shift was critical for the fitting of the very first data 
points, once these points were removed (about 10 channels on 
the leading edge of the thioredoxin fluorescence signal, cor- 
responding to half the rise time), the fitted parameters, in- 
cluding the shortest components of the decay, were found 
insensitive to the small fluctuations of this time shift. 

Least-Squares Analysis of the Fluorescence Decays. In the 
classical reconvolution and least-squares analysis (Grinvald 
& Steinberg, 1974; Wahl, 1979), the fluorescence decay law 
Im(t) was analyzed as the sum of an arbitrarily fixed number 
of discrete exponential terms 

Pip(t) = g(t) * Ip(t) 

n 

1 
Im(t) = A,Cake-f/Th ( x u k  = 1) (2) 

and the minimal number n of exponentials necessary to fit the 
decay was determined by increasing n progressively until the 
residuals were apparently randomized, and the lowest possible 
x2 reached 

imCaI(j) - imexP(j) 
Devu) = (3) &zjj 

1 M (imCal(j) - im"P(j))2 
(4) imexP(j) 

c x 2  = - 
M - Pj=1 

where M is the total number of observations, p is the number 
of fitted parameters, and imT'j) is an estimate of the variance 
at thejth point. The mean fluorescence lifetime is the first- 
order mean: 7 = cak7k. Uncertainties on the fitted param- 
eters, as obtained from the error matrix, were always below 
5% and, thus, obviously below the fluctuations of these pa- 
rameters along series of experiments. 

MEM Analysis of the Fluorescence Decays. The maximum 
entropy method (MEM) has been previously used in the 
analysis of data from a wide range of techniques (Gull & 
Skilling, 1984a,b). Recently, the method was applied suc- 
cessfully to the ill-conditioned problem of inversion of Laplace 
transform in quasi-elastic light scattering (Livesey et al., 1986), 
and pulse fluorometry (Livesey et al., 1987; Livesey & Bro- 
chon, 1987). In this analysis, the fluorescence decay law was 
assumed to be the sum of a continuous distribution of positive 
exponential components: 

Im(t) = XmA(7)e- ' l7  d7 ( 5 )  

The Skilling-Jaynes entropy function (Jaynes, 1983) was 
defined as 

S = S m A ( 7 )  - m(7)  - A(7)  log ( A ( 7 ) / m ( 7 ) )  d7 (6) 

where m(7) is the initial guess, which must be set to a flat 
distribution in log 7 space when one has no a priori knowledge 
about the distribution A ( 7 )  (Livesey & Brochon, 1987). In 
practice, 150 lifetime values equally spaced in logarithmic 
scale, ranging typically from 0.01 to 10 ns, were allowed on 
the time axis for the distribution A(7) .  The distribution A(7) ,  
which minimized the x2 and maximized the entropy function, 
was then searched, starting from the flat model m(7).  Previous 
tests of the MEM method (Vincent et al., 1988) have shown 
that an empirical criterion must be used to stop the analysis 
and avoid overfittings. On the basis of simulations repre- 
sentative of the thioredoxin experiments, we chose to stop the 
analysis when the x2 did not decrease by more than 2% over 
the next 20 iterations. The number of iterations necessary to 
reach this criterion is given for each reconstructed spectrum 
in the figure legends. This method was found to give excellent 
results with all kinds of synthetic lifetime distributions rep- 
resentative of the thioredoxin experiments and was still ef- 
fective toward simulations carrying a similar level of non- 
random noise as the thioredoxin experiments. It is equivalent 
in its basic principle to the comparison of successive images 
performed by Vincent et al., since x2 changes only if the 
calculated function imcal(t) changes, Le., if the image 4 7 )  is 
changing significantly. A more complete discussion of these 
methods and their design will be given elsewhere (Brochon et 
al., unpublished data). 

The parameters of the fluorescence decays obtained through 
MEM are defined as follows: (a) the spectrum A(T)  is divided 
in an many peaks as can be clearly separated by two successive 
well-defined minima; (b) the average position 7 k  of the peak 
k ,  in nanoseconds, is the barycenter 

0 

7 k  = C A i 7 i / E A i  (7) 
i i 

calculated over all values of i included in the peak; (c) the 
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fractional area ak is the ratio of the peak surface CA,  over 
the entire surface of the spectrum. In cases where a well- 
defined minimum is not present, but the dissymmetry of the 
peak indicates that it is composed of several unresolved com- 
ponents, the calculated parameters are put between par- 
entheses. 

Least-Squares Analysis of the Fluorescence Anisotropy 
Decays. The fluorescence anisotropy decay law r ( t ) ,  in the 
case of a fluorophore rigidly fixed to a sphere of volume V, 
rotating at the temperature Tin  a homogeneous medium of 
bulk viscosity q,  is a single-exponential function 
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r(t) = roe-ffO (8) 

where ro is the fundamental initial anisotropy of the fluoro- 
phore, linked to the angle between the absorption and emission 
dipoles, and should be close to 0.30 for tryptophan at 300-nm 
excitation (Valeur & Weber, 1977). The relaxation time 8 
is equal to the Brownian rotational correlation time of the 
molecule, given for a sphere by the Einstein-Stockes relation 
( k  being Boltzmann's constant): 

8 = q V / k T  (9) 

For nonspherical rotors, and in cases of more complex rota- 
tional behavior (Ehrenberg & Rigler, 1972; Wahl, 1980; 
Szabo, 1984), the anisotropy decay law may be expressed as 
the sum of several exponential terms: 

MBrola et al. 

Such an analysis is aimed only at showing the relative 
changes in complexity of the anisotropy decays between dif- 
ferent experiments, and also at reaching a good approximation 
of the initial anisotropy. Outside the case of a homogeneous 
dynamical behavior of a single fluorophore, or identical dy- 
namical behavior of several fluorophores, the time constants 
and amplitudes obtained through eq 14 should not be given 
the respective physical meanings of correlation times and 
"angles of wobbling". 

In Figure 9, the function rcxp(t) is defined as 

rexp(f) = (im(d - Pip(t))/im(t) (16) 

which is an approximate, undeconvoluted representation of r(t), 
valid only in the hypothesis of a homogeneous rotational dy- 
namics of the system. 

Evaluation of Static Quenching. For a fluorescent molecule 
with a radiative lifetime T ~ ,  the mean fluorescence lifetime 7 

is related to the quantum yield @ by 

0 = 7 / 7 0  (17) 

When a fraction f of molecules becomes engaged in a non- 
fluorescent complex on the ground state (static quenching), 
the apparent quantum yield becomes W p p  = (1 - A@. 
Therefore, the fraction f of complexed molecules is given by 

(18) 

A similar simple relation holds in the case of a mixture of 
species at normalized concentrations ck, with mean lifetimes 
Tk, and respective fractions fk of static quenching, if these 
species have identical radiative lifetimes and absorption 
coefficients. In this case, the total quantum yield (papp and the 
first-order mean lifetime 'i of the mixture yield the global ratio 
of the molecules engaged in the nonfluorescent complex Cq 
over the total concentration of fluorophores C,: 

f = 1 - 7 0 ( @ . " ~ ~ / 7 )  

- 
aapp = x C k @ k a P P  = xck(1 - fk)(Tk/70) 

k k 

= (l/TO)?ck(l - f k b k  (19) 

For a fluorophore k present at a normalized concentration ck, 
having a homogeneous chemical and dynamical behavior 
characterized by the fluorescence decay Imk(t) and the an- 
isotropy decay rk(t), the anisotropy decay law is given by 

where Imk(t) and Ipk(f) are the polarized fluorescence decay 
laws defined above and Dk(t) represents the difference decay, 
as defined by Wahl (1979). Assuming that the fluorescence 
decay Imk(t) and the anisotropy decay rk(t) are single expo- 
nentials, the rotational relaxation time ek is then related to the 
fluorescence lifetime 7 k  of the fluorophore by 

1 1 1  
(12) - = - - -  

8k 7Dk 7k 

where 7Dk is defined as the decay time of the difference Dk(t). 
For a mixture of fluorophores, Im(t) and Ip(t) are the sums 

of all participations: ckImk(t), ckIpk(t) of each species k to 
the total fluorescence decay laws. The total difference D(t )  
= Im(t) - Ip(t) is thus equal to 

(13) 

In a first approximation, the anisotropy function rk(t) was 
assumed to be identical for all species and was factored out 

(14) 

In this case, the experimental function d(t) is simply related 
to the total fluorescence decay Im(t) (analyzed as described 
above) and the anisotropy function r(t) by 

d ( t )  = im(t) - Pip(t) = g(t) * D(t) = g(t) * (Im(t)r(t)) 
(15) 

and d(t) was thus analyzed in a least-squares procedure for 
the determination of the parameters roj and 8, of r(t) (Wahl, 
1979). 

D ( f )  = xCkDk(t) = CCkImk(t)rk(t) 
k k 

D(t) = r(t)xckImk(t) = r(t)Im(t) 
k 

k 

f = 1 - 70(*/'i) = 1 - Cck(1 -fk) = C C d k  = cq/ct 
k k 

(21) 
We estimated f in each sample from its mean fluorescence 
lifetime measured at 20 O C ,  &,,, 1 345 nm, and its fluorescent 
quantum yield at 20 OC. We determined the radiative lifetime 
70 from the measured fluorescence lifetime of NATA (Table 
11) and from its published quantum yield of 0.14 (Werner & 
Forster, 1979), which gave a value of 21.9 ns, in good 
agreement with the radiative lifetime of 22.2 ns published by 
Ricci (1970) for tryptophan and a number of indole analogues. 
Since this radiative lifetime is found approximately constant 
in tryptophan analogues, oligopeptides, and proteins (Weinryb 
& Steiner, 1968; Werner & Forster, 1979; Burstein et al., 
1973), we assumed that our measured value was also valid for 
the tryptophan residues of thioredoxin. The uncertainties on 
the computed fractions of static quenching were estimated by 
assuming 5% errors in the lifetimes and quantum yields and 
neglecting the error on the radiative lifetime 70. 

Fluorescence Decays of NATA and Tryptophan. To obtain 
different constants (8, 7 0 )  as well as a for a check of the correct 
global calibration of the method, we measured the fluorescence 
decays of N-acetyltryptophanamide and tryptophan at pH 7.0, 
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FIGURE 2: MEM analysis of different synthetic lifetime distributions 
compatible with the thioredoxin data (Trx-S2, 20 OC, X 2 370 nm). 
(Smooth line) Initial distribution; (line with points) distribution re- 
covered by MEM. (A) Five discrete exponentials, 140 iterations 
performed for the reconstruction. (B) Five broad distributions, 90 
iterations performed. (C) Four broad distributions, 50 iterations 
performed. The corresponding initial and recovered parameters are 
tabulated in the supplementary material. 

20 O C ,  with the same cutoff filters used in the thioredoxin 
measurements. These measures are in good agreement with 
what is known today of the fluorescence of these compounds 
(Petrich et al., 1983; Beechem & Brand, 1985): we found that 
the fluorescence decay of NATA is well described by a sin- 
gle-exponential function with a time constant of 3.07 f 0.01 
ns, independent of the emission wavelength; the fluorescence 
decays of tryptophan on the red edge of the emission spectrum 
(Ae,,, 2 370 nm) are well described by a 3.2-ns component 
accounting for more than 99% of the decay and less than 1% 
of a long component around 9-10 ns. On the blue edge of the 
emission spectrum (&, 2 345 nm), 5% of an additional short 
component of 0.7 ns is detected. NATA can be considered 
a good initial model for the fluorescence of tryptophan residues 
engaged in a polypeptide chain and exposed to water, while 
the higher complexity of the fluorescence decays of tryptophan 
has been ascribed to the different interactions of the indole 
ring with the ionizable groups of the tryptophan zwitterion 
(Szabo & Rayner, 1980). 

Simulations. Synthetic decays were generated from initial 
lifetime distributions A(T)  reconvoluted with a measured in- 
strumental function by the convolution routine of the least- 
squares and MEM analysis (Wahl, 1979). To ensure statistical 
accuracy representative of the thioredoxin experiments, the 
decays were scaled to 1.6 X lo5 counts at  the peak channel. 
To these synthetic decays was then added quasi-Gaussian noise 
to approximate Poisson statistics. The Gaussian noise was 
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MEM analvsis of different svnthetic lifetime distributions 
for which the data ddnot allow compiete recovery. (Smooth line) 
Initial distribution; (line with points) distribution recovered by MEM. 
(A) Short exponential term below the instrumental resolution, 90 
iterations performed. (B) Unresolved peaks in the short time range, 
110 iterations performed. (C) Unresolved peaks in the intermediate 
time range, 110 iterations performed. The corresponding parameters 
are tabulated in the supplementary material. 

obtained from a VAX-780 built-in uniform generator, with 
additional random shuffling of the output values, and converted 
to a Gaussian probability distribution by use of the Box-Muller 
method (Press et al., 1986). To allow for comparisons, the 
different simulations presented here carry a constant set of 
about 1800 pseudorandom values giving a final absolute x2 
of 0.99976. Simulations were also performed with several 
other sets of random noise, and the fluctuations in recovered 
MEM images for the different added noises were found neg- 
ligible at  the present statistical level of the simulations. 

RESULTS 
Simulations. We tested the ability of the MEM analysis 

to recover different kinds of lifetime distributions from syn- 
thetic decays (Figures 2 and 3). The tables of corresponding 
initial and recovered parameters are available as supplementary 
material. Simulations based on the fluorescence decays of E.  
coli Trx-S2 at  20 O C  are presented in Figure 2 (similar sim- 
ulations were made for the reduced form). First, when the 
synthetic decay is generated from five discrete exponential 
functions with positions and weights identical with those ob- 
tained on Trx-S2, the different components are recovered with 
high accuracy (Figure 2A). In Figure 2B,C are tested two 
other models compatible with the thioredoxin fluorescence 
decays. These distributions were actually obtained as suc- 
cessive steps in the MEM analysis of the experimental data. 
Figure 2C is the “first” image which gave an acceptable 
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Table 11: Steadv-State TrvDtoDhan Fluorescence and Static OuenchinE in Thioredoxins at 20 O C  
fraction of 

quantum quantum lifetime‘ increase in quenching 
increase in mean static 

sample A,,, (nm) FWHM (nm) yield (%) yield (ns) mean lifetime 

NATA 14.OC 3.07 0 
E. coli Trx-S2 345 57 1.4 0.52 41 f 4  
E .  coli Trx-(SH)2 346 56 4.7 3.3 1.27 2.4 19 f 2 

tryptophan 353 63 14.4* 3.10 -2 

calf thymus Trx-S2 343 62 1.5 0.71 54 f 5 
calf thymus Trx-(SH)2 345 60 2.2 1.5 1.04 1.5 54 f 5 

yeast Trx-(SH)2 344 70 1.2 1.7 0.56 1.6 53 f 5 
yeast Trx-S? 348 d 0.7 0.34 55  f 6 

‘&, 2 345 nm. bFrom Wiget and Luisi (1978). cFrom Werner and Forster (1979). dNonmeasurable (the blue edge of the spectrum merges with 
the Rayleigh peak). 

randomization of the residuals (Le., a slightly less structured 
image could be immediately rejected upon examination of the 
residuals). It may therefore be regarded as the minimal 
structure compatible with the thioredoxin data, in which there 
is evidence for only four components in the spectrum. Figure 
2B is an intermediate image, which gives residuals virtually 
undistinguishable by eye examination from those obtained in 
the final stage of the analysis. However, these different dis- 
tributions, when used to generate synthetic decays, are rela- 
tively well recovered and clearly distinguished from each other 
in a MEM analysis. One should stress that simulations of this 
kind are undissociable from the use of MEM on real data to 
show that the analysis is appropriately stopped (see Experi- 
mental Procedures). 

In following simulations, we tested the result of the analysis 
in cases where the quality of the input data forbids the com- 
plete recovery of the initial image. One of these cases may 
occur if the instrumental resolution is too broad to allow for 
the detection of a very short component. We lowered the value 
of the shortest lifetime of thioredoxin from 70 to 20 ps, which 
is of the order of the time interval per channel (21.4 ps) and 
approximately represents the instrumental time uncertainty 
of the measurements. Figure 3A shows the initial and re- 
covered lifetime spectra when such mock data are analyzed 
with the MEM routine. The very short component gives rise 
to a broad and flat distribution with an overestimated max- 
imum position, the weight of which is largely underestimated. 
Meanwhile, the relative weights and positions of the other 
components of the decay are correctly recovered. Because the 
participation of the short component to the total fluorescence 
signal ( c , T , )  is globaly underestimated, the mean lifetime itself 
is overestimated (0.67 ns instead of 0.49 ns in the initial sim- 
ulation). Therefore, the short component will become partly 
accounted for as “static quenching”. 

Other cases where the true shape of the initial distribution 
could not be recovered are presented in Figure 3B,C. In these 
examples, the initial distributions include two close peaks, 
obtained by splitting one of the components of the thioredoxin 
spectrum in two peaks of equal weight separated by twice their 
full width. The resulting distribution thus includes six com- 
ponents instead of five. In both cases, the MEM analysis was 
unable to discriminate such closely spaced components and 
gave instead a broader distribution centered at  the mean 
position of the unresolved components. The rest of the dis- 
tribution was correctly recovered with, however, a general 
broadening of the picture. 

Since this is one of the first attempts, after those of Livesey 
and Brochon (1987) and Vincent et al. (1988), to apply this 
new method on pulse fluorometry data, we will give in the 
following the fluorescence decay parameters obtained from 
both least-squares and MEM analysis. 

Fluorescence Study of E .  coli Thioredoxin. ( a )  Steady- 
State Fluorescence Properties. We measured the tryptophan 
fluorescence spectra of E .  coli Trx-S2 and T ~ X - ( S H ) ~  at 20 
O C ,  using an excitation wavelength of 300 nm for comparisons 
with the time-resolved experiments (Table 11). As has already 
been noted, the tryptophan fluorescence intensity of thioredoxin 
is much lower than that of aqueous tryptophan or NATA, with 
a quantum yield of only 1.4% in the oxidized form. The 
fluorescence emission is shifted by about 8 nm toward the 
short-wavelength range as compared to aqueous tryptophan, 
showing that the residues are partly shielded from interactions 
with the aqueous phase. On the other hand, the narrow width 
of the spectrum indicates that the fluorescence emissions of 
the two tryptophan residues are mostly superimposed and that 
the tyrosine contribution is negligible at  this excitation 
wavelength. 

In good agreement with previous determinations (Stryer et 
al., 1967; Holmgren, 1972; Reutimann et al., 1981), we observe 
upon reduction of E .  coli thioredoxin a 3.3-fold increase in 
the steady-state quantum yield of fluorescence, while the 
maximum of emission and the FWHM of the spectrum do not 
significantly change (Table 11). This is paralleled by an in- 
crease of the mean fluorescence lifetime, which is, however, 
of lower magnitude than the increase in steady-state intensity, 
suggesting that a partial static quenching of the tryptophan 
fluorescence is modulated by the reduction state. The fraction 
of tryptophan residues of E .  coli thioredoxin engaged in a 
nonfluorescent complex on the ground state, as estimated from 
steady-state and time-resolved measurements, is shown in 
Table 11. The tryptophan residues of both Trx-S2 and Trx- 
(SH), show high proportions of static quenching, while re- 
duction brings a significant decrease of these static interactions. 

The simulation of Figure 3A has suggested that the apparent 
static quenching may also include the undetected fast com- 
ponents of the fluorescence decay. Very weak fluorescence, 
due to highly efficient dynamic quenching interactions, would 
thus be accounted for as static quenching. However, the level 
of static quenching in E .  coli Trx-S2 decreases sharply when 
the temperature increases, going from 50% f 5% at 5 OC to 
only 5% f 2% at 40 OC. This is expected from the exothermic 
formation of a noncovalent complex, while a bimolecular 
collisional quenching rate would be expected on the contrary 
to increase (Swadesh et al., 1987). From the low value of the 
ratio at 40 “C, only a negligible part of the measured static 
quenching may actually be collisional in E .  coli Trx-S,. 

( b )  Fluorescence Decays of E.  coli Thioredoxin. The 
fluorescence decays of E.  coli Trx-S, and Trx-(SH)z are shown 
in Figure 4, together with the residual functions obtained in 
different least-squares fits of the data. The fluorescence decays 
of Trx-Sz could clearly not be fitted by four experimental 
functions (Figure 4B). A sum of five exponential functions 
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Table 111: Fluorescence Decay Parameters of E. coli Trx-S2 at 
Different Emission Wavelengths, 20 OC 

wave- mean 
length lifetime lifetimes (ns) and amplitudes (nm) (ns) x2 

2345 0.08 
0.33 

2370 0.07 
0.36 

2389 0.08 
0.23 

2345 0.07 
0.37 

2370 0.07 
0.38 

2389 0.07 
0.24 

(A) Least-Squares Analysis 
0.34 0.82 2.81 6.8 0.52 1.09 
0.33 0.31 0.03 0.01 
0.34 0.86 3.18 7.8 0.51 1.14 
0.33 0.28 0.03 0.01 
0.39 0.91 3.46 9.1 0.65 1.17 
0.42 0.30 0.04 0.01 

(B) MEM Analysis 
0.31 0.75 2.76 5.9 0.49 1.08 
0.24 0.36 0.02 0.01 
0.34 0.83 3.33 8.7 0.48 1.09 
0.30 0.29 0.02 <0.01 
0.39 0.88 3.55 9.1 0.63 1.13 
0.40 0.32 0.03 <0.01 

Table IV: Fluorescence Decay Parameters of E. coli Trx-(SH)2 at 
Different Emission Wavelengths, 20 OC 

wave- mean 
length lifetime lifetimes (ns) and amplitudes (ns) X2 

(A) Least-Squares Analysis 
2345 0.25 1.10 2.43 5.00 1.27 1.16 

2370 0.26 1.18 2.46 5.25 1.41 1.22 

2389 0.31 1.40 2.97 6.76 1.62 1.03 

0.37 0.34 0.25 0.04 

0.30 0.39 0.27 0.04 

0.20 0.57 0.21 0.02 

(B) MEM Analysis 
2345 0.28 (1.76) 5.12 1.24 1.10 

2370 0.27 1.26 2.56 5.43 1.40 1.09 

2389 0.32 1.46 3.09 7.15 1.55 0.99 

0.41 (0.56) 0.03 

0.31 0.42 0.24 0.03 

0.19 0.60 0.19 0.01 

was in all cases necessary to reach the best possible fits, with 
three dominant lifetimes around 0.07,0.3, and 0.9 ns (Tables 
111 and V). Because of the dominance of these very short 
components, the mean lifetime has a low value of about 0.5 
ns at 20 OC, which is in keeping with the low value of the 
quantum yield. However, in the beginning of the decay, the 
deviation function could not be completely randomized with 
five exponential components (Figure 4C). No improvement 
was obtained by fitting a sixth exponential term, which resulted 
in a degenerated solution equivalent to five components. 

The fluorescence decays of E .  coli Trx-(SH)* are well 
represented, in the least-squares analysis, by sums of four 
exponential functions. Contrary to the oxidized form, there 
is no significant residual structure at short times in the de- 
viation function (Figure 4D). Reduction results in large 
changes of the fluorescence composition (Tables IV and VI). 
Among these the most noticeable is the disappearance of the 
very short component at 0.07 ns, mainly to the benefit of the 
3.0-11s component, therefore increasing the mean lifetime to 
1.3 ns at 20 OC. 

( c )  Wavelength Dependency of the Fluorescence Decays. 
When different parts of the emission spectrum are selected 
with different cutoff filters ( A  1 345 nm, X 1 370 nm, and 
X 1 389 nm) at 20 OC, the composition of the fluorescence 
decays of Trx-S2 appears approximately constant with wave- 
length (Table IIIA). However, the different lifetimes increase 
systematically when going to the red edge of the emission. This 
has been observed in many proteins (Lakowicz & Cherek, 
1980; Lakowicz, 1983; Gratton & Lakowicz, 1985) and was 
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FIGURE 4: (A) Tryptophan fluorescence decays of oxidized and 
reduced E .  coli thioredoxin at 20 OC, pH 7.5, A,, = 300 nm, A,, 1 
370 nm: (a) instrumental response function; (b) fluorescence decay 
of E .  coli Trx-S2; (c) fluorescence decay of E .  coli Trx-(SH)*. (B) 
Residuals of the least-squares fit of the fluorescence decays of Trx-Sz 
to four exponential functions; the xz was 1.86. (C) Residuals of the 
least-squares fit of the fluorescence decays of Trx-S2 to five exponential 
functions. (D) Residuals of the least-squares fit of the fluorescence 
decays of Trx-(SH)z to four exponential functions. The corresponding 
parameters are given in Tables IIIA and IVA. 

ascribed to the time-dependent dipolar relaxation of the protein 
matrix around the excited dipole of the fluorophore. In viscous 
media, the dipolar reorganization of the solvent may be slowed 
down to a time scale comparable to the decay of the 
fluorescence, and emission occurs in this case from different 
incompletely relaxed states with different intermediate spectral 
properties (Bakshiev, 1964; Loring et al., 1987). As would 
be expected from such a model, we found that the difference 
in lifetimes between the blue and the red edge of the thio- 
redoxin emission decreases when the temperature increases 
(data not shown). In the reduced form, the different lifetime 
values increase also systematically with wavelength (Table 
IVA), but the composition of the decays also is now more 
clearly dependent on the wavelength, the weight of the 1-ns 
component increasing at the red edge of the emission, while 
the 0.3- and 5.0-ns components give a higher participation at 
the blue edge. 

Some reconstructed spectra obtained by MEM analysis of 
the fluorescence decays at 20 OC are shown in Figures 5 and 
6 for Trx-S2 and Trx-(SH)2, respectively (see also Figures 7B 
and 8B for X 1 370 nm). On the red edge of the spectrum 
( A  2 370 nm, X 1 389 nm), the lifetime distributions are 
composed of well-separated peaks. The resolution of these 
peaks is only slightly lower than that obtained for the MEM 
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FIGURE 5: MEM reconstructed lifetime spectra of E.  coli Trx-S2 as 
a function of emission wavelength, 20 O C .  (A) A,, 1 345 nm, 90 
iterations performed. (B) A,, 1 389 nm, 110 iterations performed. 
(C) Deviation function obtained at &,, 1 345 nm. Similar residuals 
were obtained at the other wavelengths. The corresponding parameters 
are given in Table IIIB. 
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FIGURE 6: MEM reconstructed lifetime spectra of E.  coli Trx-(SH), 
as a function of emission wavelength, 20 O C .  (A) A,, 1 345 nm, 50 
iterations performed. (B) A,, 1 389 nm, 80 iterations performed. 
(C) Deviation function obtained at A,, 1 345 nm. Similar residuals 
were obtained at the other wavelengths. The corresponding parameters 
are given in Table IVB. 

analysis of a synthetic discrete distribution (Figure 2A). The 
weight and positions of the different peaks closely correspond 
to the values obtained in the least-squares analysis (Tables IIIB 

Table V: Fluorescence Decay Parameters of E .  coli Trx-S2 at 
Different Temperatures, A,, Z 370 nm 

mean 
lifetime 

(ns) x 2  temp (oc) lifetimes (ns) and amplitudes 

-50 

5 

20 

30 

40 

-5" 

5 

20 

30 

40 

(A) Least-Squares Analysis 
0.08 0.34 1.28 2.96 7.8 
0.21 0.21 0.50 0.07 0.02 
0.08 0.37 1.03 3.00 7.7 
0.28 0.21 0.46 0.04 0.01 
0.07 0.34 0.86 3.18 7.8 
0.36 0.33 0.28 0.03 0.01 
0.07 0.31 0.84 3.16 8.0 
0.44 0.38 0.16 0.02 <0.01 
0.06 0.28 0.86 3.05 8.2 
0.50 0.39 0.09 0.02 <0.01 

(B) MEM Analysis 
0.05 0.27 1.37 (6.09) 
0.21 0.22 0.54 (0.03) 
0.08 0.32 1.00 3.39 7.9 
0.28 0.15 0.52 0.03 0.01 
0.07 0.34 0.83 3.33 8.7 
0.38 0.30 0.29 0.02 <0.01 
0.06 0.31 0.80 3.15 7.7 
0.46 0.36 0.16 0.02 <0.01 
0.05 0.28 0.85 2.99 7.6 
0.52 0.38 0.08 0.02 <0.01 

1.08 

0.77 

0.5 1 

0.38 

0.28 

1.01 

0.77 

0.48 

0.36 

0.27 

1.06 

1.13 

1.14 

1.17 

1.34 

1.05 

1.11 

1.09 

1.13 

1.27 

" 25% glycerol. 

and IVB). However, when the broader filter (A 1 345 nm) 
is used, these components broaden and merge, resulting in 
unresolved spectra in both oxidized and reduced thioredoxin. 
The different peaks separated at longer wavelengths may still 
be traced as the main components of these spectra and are 
probably well represented by the parameters obtained in the 
least-squares fit. This broadening is fully consistent with the 
solvent relaxation mechanism proposed above: since this 
process is expected to generate different lifetimes with different 
emission spectra, selecting larger emission bandwidths should 
result in broader lifetime distributions. 
(d) Temperature Dependency of the Fluorescence Decays. 

The parameters of the fluorescence decays of Trx-S2 measured 
at different temperatures (A L 370 nm) are given in Table V. 
The mean fluorescence lifetime of thioredoxin decreases with 
temperature, which is expected. However, the values of the 
different components of the decay only show a limited sen- 
sitivity to temperature, and most of the decrease in the mean 
lifetime is due to changes in the relative weights of these 
components: the contribution of the 0.9-ns longer component 
shifts toward the shorter 0.07- and 0.3-11s components. In the 
reduced form, the temperature sensitivity of the lifetime values 
is more marked (Table VI). However, the temperature brings 
also large changes in the composition of the decay, by shifts 
from lifetimes 3.0 and 5.0 ns toward the 1.0-ns component. 

Figures 7 and 8 show the MEM spectra recovered for Trx-S2 
and T ~ X - ( S H ) ~  at the different temperatures for X 2 370 nm. 
While the shifts in lifetime populations upon temperature can 
be traced very clearly in these spectra, it can be seen also that, 
at 20 O C  and above, the MEM spectra are composed of 
well-separated species, while the different lifetime components 
broaden at low temperatures. When going down to -5 OC in 
25% glycerol for the oxidized form, this results in a 
"continuum" covering the entire range of lifetimes. On the 
other hand, the residual systematic deviation observed at short 
times in the fluorescence decays of Trx-S2 disappears at low 
temperature, while it becomes more pronounced at high tem- 
perature (Figure 7D-F). This dependency was also observed 
in the least-squares analysis, while the deviation is absent from 
the fluorescence decays of T ~ X - ( S H ) ~  up to 40 OC (Figure 8D). 
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FIGURE 7: MEM reconstructed lifetime spectra of E. coli Trx-Sz as 
a function of temperature, A,, 1 370 nm. (A) (a) -5 O C  in 25% 
glycerol, 75% Tris buffer, 50 iterations performed; (b) +5 OC in Tris 
buffer, 80 iterations performed. (B) 20 O C ,  110 iterations performed. 
(C) 40 OC, 190 iterations performed. (D-F) Deviation functions 
obtained at 5, 20, and 40 OC, respectively. The corresponding pa- 
rameters are given in Table VB. 

Therefore, it cannot be ascribed to instrumental distortions 
or radio-frequency pickup, but would be assigned to a fast, 
temperature-dependent kinetic process in the protein. 

(e )  Fluorescence Anisotropy Decays at Room Temperature. 
The correlation time for the Brownian rotation of thioredoxin 
approximated to a rigid sphere may be evaluated from the 
Einstein-Stockes relation (eq 9), assuming the specific molar 
volume of 0.73 mL/g for proteins and an additional 
"hydration" volume of 5075, which is a minimum experimental 
value in most proteins (Wahl, 1980). At 20 O C ,  the rotational 
correlation time of a protein of M ,  11 700 like thioredoxin 
would thus be around 5.3 ns. 

The mean relaxation time of the fluorescence anisotropy 
decays of E .  coli Trx-S2 (Figure 9) is about 5.4 ns at 20 O C  
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Table VI: Fluorescence Decay Parameters of E .  coli T~X-(SH)~ at 
Different Temperatures, X., 1 370 nm 

mean 
lifetime 

(ns) x2 temp (oc) lifetimes (ns) and amplitudes 

5 0.35 
0.32 

20 0.26 
0.30 

30 0.31 
0.30 

40 0.32 
0.28 

5 0.39 
0.33 

20 0.27 
0.3 1 

30 0.32 
0.29 

40 0.33 
0.29 

(A) Least-Squares Analysis 
1.40 3.11 5.76 
0.26 0.34 0.08 
1.18 2.46 5.25 
0.39 0.27 0.04 
1.10 2.52 5.42 
0.51 0.18 0.02 
0.90 2.17 4.74 
0.52 0.18 0.02 

(B) MEM Analysis 
(2.80) 
(0.66) 

1.26 2.56 5.43 
0.42 0.24 0.03 
1.13 2.57 5.58 
0.52 0.17 0.01 
0.92 2.25 4.92 
0.53 0.16 0.02 

1.99 1.04 

1.41 1.22 

1.21 1.19 

1.03 1.22 

1.90 1.02 

1.40 1.09 

1.20 1.15 

1.02 1.09 

4 5000 

0 0 1  0 1  1 
Tau (ns) 

I 

0 1 0  20 30 
Time (ns) 

FIGURE 8: MEM reconstructed lifetime spectra of E. coli Trx-(SH)z 
as a function of temperature, &,,, 2 370 nm. (A) 5 O C ,  40 iterations 
performed. (B) 20 O C ,  80 iterations performed. (C) 40 O C ,  110 
iterations performed. (D) Deviation function obtained at 40 OC. 
Similar residuals were obtained at the other temperatures. The 
corresponding parameters are given in Table VIB. 

(Table VII). However, the decay is not correctly fitted by 
a single-exponential function, and two exponential terms are 
necessary to reach a good fit (Figure 9C,D), with a short 
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Table VII: Tryptophan Fluorescence Anisotropy Decays of Thioredoxins" 

r0 mean eb (ns) roj, 01 (ns) X2 

E. coli Trx-S2 0.299 18 0.21 0.09 1.03 
25% glycerol, -5 OC 10.5 f 2 c 

E.  coli Trx-S2 0.291 5.4 0.19 0.10 1.01 

E. coli T~X-(SH)~  0.273 6.3 0.273 1.05 
2.9 f 0.2 3 0 i  14 

6.3 f 0.1 

1.9 f 0.1 

2.1 * 0.7 6 i 1  

calf thymus Trx-S2 0.259 3.5 0.19 0.07 0.96 
26 f 10 

calf thymus Trx-(SH), 0.246 4.5 0.07 0.17 1 .05 

yeast Trx-S2 0.269 2.8 0.10 0.13 0.04 0.98 

yeast T~x- (SH)~  0.253 3.2 0.06 0.07 0.12 0.97 
0.07 f 0.01 2.3 f 0.2 c 

0.23 i 0.04 1.4 f 0.4 7.4 f 0.6 
O h e m  Z 370 nm, 20 OC, except the glycerol experiment. bFrom analysis with a single-exponential term. CNonmeasurable (uncertainty higher than 

the parameter value). 
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FIGURE 9: Experimental representation of the tryptophan fluorescence 
anisotropy decay of E.  coli Trx& at 20 O C ,  pH 7.5, bXc = 300 nm, 
X, t 370 nm. (A) Experimental anisotropy decay. (B) Instrumental 
response. Only the least noisy part of the decay (10 ns) is shown. 
Analysis was performed down to 17 ns. (C) Residuals of the 
least-squares fit of the decay with a single-exponential term, the x2 
was 1.55. (D) Residuals of the least-squares fit of the decay with 
two exponential terms. The corresponding parameters are given in 
Table VII. 

component at  2.9 ns that accounts for two-thirds of the total 
amplitude and a poorly determined long component around 
30 f 14 ns (Table VII). On the other hand, the high initial 
anisotropy (0.29), as compared to the maximum anisotropy 
of tryptophan at 300 nm (0.30), shows that the fast subpi- 
cosecond flexibilities have low amplitudes. 

In E.  coli Trx-(SH)2, the fluorescence anisotropy decay is 
well fitted by a single-exponential function, with a time con- 
stant of 6.3 ns, while the initial anisotropy r, is slightly but 
systematically lower than in the oxidized form (Table VII). 
Since the anisotropy decay is a simple exponential, the 6.3-11s 
relaxation time could represent a good approximation of the 
overall rotation of the protein. 

The occurrence of a long, although very inaccurate, relax- 
ation time around 30 ns in the anisotropy decay of Trx-S2 may 

suggest some aggregation. Association of thioredoxin into 
dimers was observed at acidic pHs (Holmgren, 1985). How- 
ever, we did not observe any significant change in the measured 
correlation time of thioredoxin over the concentration range 
85-940 pM (lower protein concentrations were not possible 
because of the low quantum yield of thioredoxin). Moreover, 
no evidence for aggregation was found in NMR experiments 
done on both oxidized and reduced thioredoxin at  a 4 mM 
protein concentration. On the other hand, the rotational re- 
laxation time obtained for the reduced protein is an acceptable 
value for the overall rotation of monomeric thioredoxin, while 
the reduced form is known to have a higher tendency to ag- 
gregate. 

(f) Fluorescence Anisotropy Decay at Low Temperature 
in 25% Glycerol. Some excitation energy transfers could occur 
between the two tryptophan residues of E. coli thioredoxin and 
induce time-dependent depolarizations of the fluorescence that 
would have to be separated from the true rotational dynamics 
of the protein. Although the excitation wavelength at 300 nm, 
on the red edge of the tryptophan absorption spectrum, is likely 
to minimize the amplitude of such processes (Weber & 
Shinitzki, 1970), we checked for these depolarizations by 
measuring the fluorescence anisotropy decays of the oxidized 
protein immobilized in a 25% glycerol mixture at -5 O C .  

The anisotropy decay obtained in these conditions shows the 
same overall composition as at  20 O C ,  except that the time 
constants are longer (Table VII). The longest component of 
the decay is too slow to be measured, but a shorter component 
of 10.5 ns can be separated. The hypothesis that this com- 
ponent precisely corresponds to energy transfers cannot be 
excluded, but it seems more likely, given its high amplitude 
and the general composition of the decay, that this component 
is related to remaining slow flexibilities in the structure. The 
viscosity of a 25% glycerol mixture at -5 O C  is approximately 
5 cp, which gives a q / T  ratio of 18.7 X cP/K, while the 
v/Tratio in water at 20 O C  is 3.43 X cP/K. As estimated 
from eq 9, the 2.9-11s component at 20 O C  should thus increase 
to 16 ns in the glycerol mixture at -5 O C .  Therefore, the 
experiment may not have allowed a complete blocking of all 
flexibilities in the protein. 

Besides this component, no other fast depolarization process 
is found, and the initial anisotropy is close to the 0.30 maximal 
value expected for tryptophan at an excitation wavelength of 
300 nm (Valeur & Weber, 1977). Therefore, it is unlikely 
that the fast depolarizations found in E .  coli Trx-S2 at  room 
temperature are due to energy transfers. 

Calf Thymus Thioredoxin. The fluorescence quantum yield 
of calf thymus Trx-S2 approximately equals that of E.  coli 
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Table VIII: Fluorescence Decay Parameters of Calf Thymus 
Thioredoxin at A,, L 370 nm, 20 "C 

mean 
oxidation lifetime 

lifetimes (ns) and amplitudes (ns) x2  state 
(A) Least-Squares Analysis 

Trx-S, 0.05 0.35 0.94 3.58 8.7 0.71 1.11 
0.38 0.30 0.24 0.07 0.01 

Trx-(SH), 0.06 0.28 1.36 3.11 8.1 1.04 1.03 
0.24 0.31 0.30 0.14 0.01 

(B) MEM Analysis 
Trx-S, 0.05 0.33 0.86 (4.05) 0.66 1.04 

T ~ X - ( S H ) ~  0.05 0.26 (2.06) 0.99 1.11 
0.41 0.25 0.26 (0.08) 

0.24 0.32 (0.43) 

0 0 1  0 1  1 1 0  
Tau (ns) 

FIGURE 10: MEM reconstructed lifetime spectra of calf thymus Trx-S2 
and Trx-(SH), at 20 OC, A,, 2 370 nm. (A) Calf thymus Trx-S2, 
70 iterations performed. (B) Calf thymus Trx-(SH),, 100 iterations 
performed. The corresponding parameters are given in Table VIII. 

thioredoxin (Table 11). However, reduction brings only a 
1 -5-fold increase in the overall quantum yield, paralleled by 
an equal increase in mean lifetime, while the overall shape of 
the steady-state fluorescence spectrum does not change 
markedly. The level of static quenching is higher than in the 
E .  coli protein and remains constant upon reduction (Table 

Although calf thymus thioredoxin contains only one tryp- 
tophan residue, the fluorescence decays are almost as complex 
as those of E .  coli thioredoxin, with five exponential compo- 
nents separated in the least-squares analysis of both oxidized 
and reduced forms. The fluorescence compositions (Table 
VIII) are roughly comparable to those observed for the E .  coli 
protein, with very similar values of the different lifetimes. The 
MEM spectra (Figure 10) show a lower resolution as com- 
pared to E .  coli thioredoxin, which may be ascribed to the 
necessary subtraction of a blank, and therefore the lower 
statistical accuracy of the data. No apparent structure was 
observed in the deviation functions (data not shown), which 
may be also a consequence of the blank subtraction. As in 
the E .  coli protein, reduction decreases the weight of the 
shortest 0.05-ns component of the decay, to the benefit of the 
3-ns component, but a significant percentage of this short 
component is still observed in the reduced form. The reduction 
process may, however, be somewhat different in the case of 
calf thymus thioredoxin since this protein contains an extra 
structural disulfide bridge that may compete with the func- 

11). 
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Table IX: Fluorescence Decay Parameters of Yeast Thioredoxin at 
X,, 2 370 nm, 20 OC 

mean 
oxidation lifetime 

lifetimes (ns) and amplitudes (ns) x2 state 
(A) Least-Squares Analysis 

Trx-S2 0.03 0.25 1.36 2.41 8.9 0.34 1.11 
0.73 0.09 0.13 0.04 CO.01 

Trx-(SH)* 0.07 0.19 1.11 3.54 7.0 0.56 1.17 
0.51 0.34 0.06 0.09 0.01 

(B) MEM Analysis 
Trx-S2 0.03 0.27 (1.65) 0.33 1.07 

Trx-(SH), 0.07 0.18 1.11 3.62 7.2 0.54 1.08 
0.75 0.08 (0.16) 

0.55 0.30 0.05 0.09 0.01 

tional one for the global reducing power (Holmgren, 1985). 
The fluorescence anisotropy decays of oxidized and reduced 

calf thymus thioredoxin are faster than those of the E .  coli 
protein, as seen from their mean relaxation times (Table VII). 
However, the overall composition of the decay in the oxidized 
form is very similar, including a short component faster than 
the overall rotation of the protein and a long, poorly determined 
component. As in the E .  coli protein, reduction brings an 
increase in the mean relaxation time of the decay and a slight 
decrease in the initial anisotropy. However, the short com- 
ponent is still present in the reduced form of calf thymus 
thioredoxin. This may be related to the possible incomplete 
reduction of the protein, as already suggested by the 
fluorescence decays, or to remaining internal flexibilities of 
the tryptophan residue. The long component of the anisotropy 
decay of calf thymus Trx-(SH),, which in simplified models 
would correspond to the overall rotation of the protein ( M ,  
12000), is close to that measured on E .  coli T ~ x - ( S H ) ~ ,  which 
is expected for these two proteins of very similar size. 

Yeast Thioredoxin. The steady-state fluorescence intensity 
of the single tryptophan residue in yeast thioredoxin is ex- 
tremely weak, with an approximate quantum yield of only 0.7% 
in the oxidized form (Table 11). Even with an excitation at 
300 nm, an important tyrosin contribution can be seen on the 
blue edge of the fluorescence spectra, resulting in a large 
FWHM. We found a 1.7-fold increase in the fluorescence 
quantum yield of yeast thioredoxin upon reduction, which is 
higher than what was previously observed (Holmgren, 1972). 
In this latter study, the fluorescence spectra were recorded with 
an excitation at 280 nm and contained a high contribution of 
tyrosyl fluorescence, which may have damped the tryptophan 
response. As in the calf thymus protein, the level of static 
quenching in yeast thioredoxin is higher than for the E .  coli 
protein and approximately constant between the oxidized and 
reduced forms (Table 11). 

Although it was possible to fit, by a least-squares procedure, 
the fluorescence decays of the single tryptophan residue of 
yeast Trx-S2 with up to five exponential components (Table 
IXA), the MEM analysis of the same data (Table IXB and 
Figure 11A) shows that there is definite evidence for at most 
four of them: three major components are centered respec- 
tively at 0.03, 0.26, and 1.64 ns, while a fourth one with very 
low weight is badly separated from the 1.64-11s component 
(therefore, the value of this third component is overestimated). 
No apparent structure was observed in the deviation functions 
(data not shown). Because of the subtraction of a blank, the 
data for the yeast protein are of lower statistical accuracy than 
for the E .  coli and calf thymus proteins, and some components 
with low relative weight may have escaped detection. Nev- 
ertheless, a very short lifetime at  the limit of the instrumental 
resolution is now almost completely dominating the emission 
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The chemical groups responsible for these different quenchings 
could be identical if stable, short-range interactions are allowed 
between the fluorophore and a high local concentration of 
quencher (Lakowicz, 1983). From NMR and CD studies 
(Lebl et al., 1987; Bodner et al., 1980) as well as in the crystal 
structure of proteins (Morgan et al., 1978; Morgan & Mc- 
Adon, 1980), there are numerous indications of stable, non- 
covalent interactions of sulfur or disulfides with aromatic 
compounds. In several fluorescence studies (Cowgill, 1967; 
Steiner & Kirby, 1969; Swadesh et al., 1987; Roy & Muk- 
herjee, 1987; Ross et al., 1986), the quenching of tyrosyl or 
indole fluorescence by sulfur-containing compounds has been 
shown to result in large part from static interactions. For 
example, the Tyr residue adjacent to the disulfide bridge of 
oxytocin exhibits 38% static quenching (Ross et al., 1986). 
Replacement of the disulfide by an ethylene bridge leads to 
a complete suppression of this static quenching. 

In keeping with the previous fluorescence studies, we observe 
in all native thioredoxins an increase in fluorescence quantum 
yield and mean lifetime upon reduction. A 1 .Zfold increase 
in the fluorescence of bis(indo1e-3-methyl) disulfide upon 
reduction was observed by Cowgill (1967). A 1.3-fold increase 
in fluorescence intensity was also reported for the reduction 
of oligopeptides modeling the active disulfide loop of thio- 
redoxin, such as Boc-Trp-Cys-Gly-Pro-Cys-NHMe (Kishore 
et al., 1983). The fluorescence signal of the tyrosine residues 
of glutaredoxin (Hoog et al., 1983) and T4 thioredoxin 
(Berglund & Holmgren, 1975) were also reported to increase 
upon reduction. These systematic increases probably reflect 
the relative quenching ability of the disulfide bridge and the 
sulfhydryl groups: the oxidized disulfide bridge is a better 
electron acceptor than the reduced sulfhydryl group, and, 
under an electron-transfer model (see below), would thus in- 
duce a faster quenching of tryptophan fluorescence. The 
increases in fluorescence intensity of the yeast and calf thymus 
proteins could be accounted for in large part by this simple 
dielectric effect. 

Steiner and Kirby (1969) have proposed that cysteine 
mainly acts as an electron scavenger in the quenching of indole 
fluorescence. Roy and Mukherjee (1987) also concluded in 
favor of a charge-transfer mechanism in the quenching of 
indole by ethylene trithiocarbonate. Moreover, in the study 
of a large set of tryptophan analogues, Petrich et al. (1983) 
showed that a dominant nonradiative deexcitation pathway 
for tryptophan was electron transfer to a neighboring acceptor 
or from a donor (Miller et al., 1982), possibly enhanced in 
some cases by delocalizing interactions. The stabilization of 
a charge-transfer complex between tryptophan and cystine 
could provide an optimized pathway for reductive electron 
transfer in the protein and may be one of the interactions 
responsible for the exceptional reactivity of the thioredoxin 
disulfide (Holmgren, 1985). 

Time-Resolved Tryptophan Fluorescence of Thioredoxin. 
( a )  Very Fast Fluorescence Kinetics. A high proportion of 
a very short fluorescence component is found in all oxidized 
thioredoxins studied here. It is mainly characteristic of the 
oxidized state of the protein, since a decrease or even a com- 
plete suppression of this component occurs upon reduction of 
all proteins. The short component is not observed up to 40 
OC in E. coli Trx-(SH)2. This component is also absent from 
all aqueous tryptophan derivatives studied so far (Petrich et 
al., 1983) and thus may be specifically related to the elec- 
tron-transfer mechanism mentioned above. 

On the other hand, at room temperature and above, the 
fluorescence decays of E.  coli Trx-S2 cannot be fitted properly 

20000 

O v o l  0 1  1 1 0  
Tau (ns) 

FIGURE 11: MEM reconstructed lifetime spectra of yeast Trx-Sz and 
Trx-(SH)2 at 20 OC, X, 2 370 nm. (A) Yeast Trx-Sz, 110 iterations 
performed. (B) Yeast Trx-(SH)2, 130 iterations performed. The 
corresponding parameters are given in Table IX. 

of the oxidized form. Reduction results mainly in exchanges 
between very short lifetime components (Figure 1 lB), and 
therefore the spectroscopic events associated with the reduction 
of yeast thioredoxin appear rather different from those oc- 
curring in the calf thymus and E. coli proteins. Given the 
excitation wavelength and the emission bandwidth used in 
these experiments ( A  2 370 nm), it is, however, unlikely that 
this discrepancy arises from a significant participation of the 
tyrosyl emission in the fluorescence decays (Lakowicz, 1983). 
On the other hand, a very careful control of the buffer was 
performed in view of the blank subtraction (see Experimental 
Procedures), and it is therefore also excluded that such large 
differences are due to some fluorescent contaminants in the 
samples. 

The yeast protein shows complex fluorescence anisotropy 
decays that cannot be fitted by less than three exponential 
functions in both oxidized and reduced forms (Table VII). 
This, together with the low value of the mean relaxation time, 
suggests a high degree of flexibility of the single tryptophan 
residue in this protein. The long component is not measurable 
in the oxidized form, due to its low associated amplitude to- 
gether with the extremely short fluorescence-carrying signal 
of yeast thioredoxin. However, similarly to the other thio- 
redoxins, reduction brings a significant increase in the am- 
plitude of this long component, as well as a decrease in the 
initial anisotropy. 

DISCUSSION 
Steady-State Tryptophan Fluorescence of Thioredoxin. 

Early studies have shown that disulfides and sulfhydryl groups 
(Cowgill, 1967) as well as cysteine residues (Steiner & Kirby, 
1969) are strong quenchers of indole fluorescence. Since both 
tryptophan residues of E. coli thioredoxin are located very close 
to the active cysteines, interactions with these residues are 
likely to account for most of the strong observed quenching, 
although other interactions with neighboring polar groups 
(Asp-26, Glu-30, Lys-36), with the peptide bond, or between 
the two tryptophan residues themselves should not be a priori 
excluded. 

We found that this quenching results from both collisional 
interactions (dynamic quenching) and formation of a non- 
fluorescent complex on the ground state (static quenching). 
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at very short times, and this residual distortion shows tem- 
perature dependency. This is observed also in the MEM 
analysis, even though in this case a large set of short lifetime 
values is available for the fit of complex decay kinetics. 
Therefore, it must be concluded that the fluorescence decays 
at these short times are not correctly represented by sums of 
positive exponential functions. Negative exponential terms 
may arise from the buildup, from the initially excited state, 
of a new population of emitting species, which could be due 
to successive steps in the slow protein matrix dielectric re- 
laxation. On the other hand, in the simplest models of col- 
lisional quenching in a bulk solvent (Smoluchowski, 1917), 
the fluorescence decay is predicted to depart from a simple 
exponential behavior at short times and to follow approxi- 
mately a law of the form exp(-at - bt1 /2) .  In the case of 
collisional quenching in a protein matrix, all approximations 
relative to the bulk properties of the solvent should be re- 
considered, which may lead to rather more complex kinetic 
laws at short times. No attempt was made for the moment 
to fit the thioredoxin data with any of the available models. 
It should be noted, however, that the short-lifetime component 
may be affected by this uncorrect description of the data at 
short times. 

(b)  Evidence for  Discrete Species. In the least-squares 
analysis, the fluorescence decays of the two tryptophan residues 
of E.  coli Trx-S2 need five exponential components to be 
described. Moreover, calf thymus and yeast thioredoxins, 
which contain only one tryptophan residue, exhibit at least four 
exponential decays. These results range among the most 
complex reported today in pulse fluorometry studies of single 
or multiple tryptophan containing proteins, where a maximum 
of three to four components is usually separated (Beechem & 
Brand, 1985; Ludescher et al., 1985; Vincent et al., 1988). 
This may be ascribed to the peculiar fluorescence properties 
of thioredoxin, but reflects also the high resolution of the data 
collected. As the temporal resolution of pulse fluorometry 
measurements improves, the fluorescence properties of proteins 
appear increasingly complex. Meanwhile, recent theoretical 
and experimental works have put the emphasis on the mul- 
tiplicity of conformational “substates” in proteins (Elber & 
Karplus, 1987; Ansari et al., 1987). Therefore, many authors 
suspect today that the protein fluorescence might be better 
described in terms of continuous distributions of lifetimes 
(Ludescher et al., 1985; James & Ware, 1985; Alcala et al., 
1987). In this view, the discrete compositions obtained through 
a least-squares fit of the data might be an arbitrary repre- 
sentation without physical meaning (James & Ware, 1985). 
However, when large smooth distributions of lifetimes are 
“overfitted” by a small set of discrete components, the number, 
position, and relative weight of these components are highly 
dependent on the sample of random noise added to the sim- 
ulations (MBrola et al., unpublished results). On the contrary, 
the stability of the thioredoxin lifetimes throughout the dif- 
ferent experiments suggests that a discrete representation of 
the data may be meaningful in this case. The MEM analysis 
brings further strong support to this idea. 

Several methods have been recently developed for the re- 
covery of lifetime distributions (James & Ware, 1986; Alcala 
et al., 1987; Lakowicz et al., 1987; Philipps & Lyke, 1987). 
Most of them make use of analytical models for the lifetime 
distribution A(T)  or otherwise remain limited to the fit of a 
small number of decay times. The maximum entropy method 
allows a large set of lifetimes to be handled, with much fewer 
a priori assumptions (although models can also be encoded 
in the analysis). The present simulations, after those of Livesey 
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et al. (Livesey et al., 1986, 1987; Livesey & Brochon, 1987) 
and Vincent et al. (1988), demonstrate the ability of the MEM 
analysis to discriminate between continuous and discrete 
models in data of sufficient statistical accuracy. Indeed, we 
found some experimental examples of both types of distribu- 
tions. However, due to the degeneracy of the problem of 
Laplace transform, the MEM analysis should not be expected 
to provide unambiguously the “right” image in the frequency 
domain of noisy fluorescence decays. In this view, the simu- 
lations presented here may give some insight to the “feasible 
set” within which were chosen our “preferred” solutions (Li- 
vesey & Brochon, 1987). Moreover, they show that the spectra 
obtained for thioredoxin at room temperature and for narrow 
emission bandwidth are compatible only with the simulations 
based on highly resoluted discrete components. 

It should be stressed that, contrary to the steady-state NMR 
situation, large distributions of lifetimes cannot merely result 
from two or more discrete fluorescent components exchanging 
on the time scale of the excited state: the kinetic description 
of such a system predicts only as many discrete exponential 
terms as initially exchanging components, while the lifetimes 
will reduce to a single average value in the case of a fast 
exchange (Donzel et al., 1974). Only when a continuum of 
excited states preexists, or if the interconversion rates are 
themselves continuously distributed, and provided that these 
distributions are not averaged by fast exchanges, may it 
produce fluorescence lifetime distributions. For two fluores- 
cence lifetimes differing by a factor of 3, averaging will occur 
approximately for exchange times equal to half the shortest 
lifetime (Engh et al., 1986). Although distributions of energy 
substates may widely occur in proteins, it seems that, in the 
case of thioredoxin at room temperature, the fast exchanges 
are sufficient to average most of these distributions. Never- 
theless, the fluorescence appears to be composed of several 
discrete emitting species that behave relatively independently. 
It may well be, however, that in the case of other proteins, 
containing, for example, strongly immobilized tryptophan 
residues, continuous distributions of lifetimes will be observed 
in the same conditions. General statements will be possible 
only when a large set of highly resoluted data will be available 
and analyzed with the minimum a priori assumptions: pre- 
cisely because of the ill-conditioned nature of the Laplace 
transform, illegitimate constraints imposed on the analysis are 
expected to meet only weak denial from the data. 

( c )  Large Distributions Observed in Temperature and 
Wavelength Studies. At low temperature and with large 
detection bandwidth, we found some examples of broad life- 
time distributions. The broadening of the MEM spectra when 
a large set of emission wavelengths is simultaneously detected 
is well accounted for by a time-dependent relaxation of the 
protein matrix, and of the emitting energy level, after exci- 
tation. Similarly, the broadening of the distributions at low 
temperatures might be linked to the further slow down of this 
matrix relaxation, as well as of all other rates of exchanges 
responsible for averaging at room temperature. A similar 
broadening of the fluorescence lifetime distribution of dena- 
tured apomyoglobin at low temperature has been reported by 
Bismuto et al. (1988). However, the lifetime spectra of 
thioredoxin at low temperature do not show evidence for new 
discrete species or marked changes in the lifetime values, as 
would be expected if two largely differing components were 
merged by fast exchange at room temperature [although the 
lifetimes of Trx-(SH)* show a somewhat higher sensitivity to 
temperature]. Therefore, it must be concluded that the pos- 
sible exchanges between these lifetimes are either too fast or 
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too slow to be significantly temperature dependent on the 
nanosecond time scale. In other words, the discrete lifetime 
values observed at  room temperature are unlikely to be spu- 
rious averages of species with very different fluorescence ki- 
netics and mean dynamic interactions, but rather some bar- 
ycenters of closely related conformers. As a result, the changes 
in the thioredoxin lifetime spectra, over the temperature range 
studied, are mainly governed by the temperature dependency 
of equilibrium constants between the different discrete species. 
This would imply that there is a large gap on the nanosecond 
time scale in the dynamics of the tryptophan residues. 
Strikingly, some recent long-range (600 ps) molecular dy- 
namics simulations of tryptophans in myoglobin (Henry & 
Hochstrasser, 1987) have come to a very similar picture, where 
the tryptophan side chains would experience both small rapid 
reorientational fluctuations and large infrequent transitions 
between conformers related by 120’ rotations. This description 
would not depart very much also from the rotamer model 
proposed earlier to account for the multiexponential decay of 
aqueous tryptophan (Szabo & Rayner, 1980; Engh et al., 
1986). If the different rotamers of tryptophan around a single 
C-C bond in water do not exchange rapidly on the nanosecond 
time scale, they can also be expected to exchange slowly in 
a protein matrix. In this latter case, the heterogeneity of the 
fluorescence may result from the combination of both the 
tryptophan side chain and the protein matrix conformers. 

Fluorescence Anisotropy Decays of Thioredoxin. The 
nonexponential fluorescence anisotropy decay of E.  coli Trx-Sz, 
with a high initial anisotropy and without any fast subnano- 
second component, suggests that the tryptophan residues of 
the protein have some limited flexibilities in an otherwise 
relatively rigid structure. The fast averaging exchanges as- 
sumed to account for the observed discrete species in the 
fluorescence decays do not induce a fast depolarization of this 
fluorescence and, therefore, must be of low amplitude, which 
would be consistent with the above proposal that these ex- 
changes occur only between closely related conformers. On 
the other hand, the calf thymus and yeast proteins show faster 
anisotropy decays in both their oxidized and reduced forms, 
as compared to the E .  coli protein, indicating that the single 
tryptophan residue of these proteins experiences a higher 
degree of mobility. 

However, reduction brings several similar changes in the 
anisotropy decays of these different proteins. In all cases, a 
small decrease in the initial anisotropy ro shows that the 
breakage of the disulfide link allows a higher rate of the very 
fast rotations. Nevertheless, as seen from their mean relaxation 
times, all reduced thioredoxins show a slower decay of the 
fluorescence anisotropy, suggesting that, on the nanosecond 
time scale, some rotational freedom has been lost upon re- 
duction. In E .  coli thioredoxin, this results in an apparent 
complete blocking of the tryptophan motion on this time scale. 

However, if the different fluorescence lifetimes of the protein 
are associated with specific rotational relaxations, the an- 
isotropy function r ( t )  cannot be factored out in eq 13, and each 
individual rotational species must be treated as a separate 
weighted term (Rigler & Ehrenberg, 1976; Claesens & Rigler, 
1986; Ludescher et al., 1987). Calculating the anisotropy 
function in the classical way will result in improper normal- 
ization of each &(t) by a global Im(t) function not related 
to the kth rotational specy (eq 11). Derivation of eq 12 gives 

d8k = -(e,/Tk)’ dTk (22) 
which shows that, if the ratio of the rotational relaxation time 
to the fluorescence lifetime is high (which could be the case 
for the short-lived components of oxidized thioredoxin), small 

errors in the assumed lifetime value will result in large errors 
in the calculated rotational relaxation time. Ludescher et al. 
(1987) presented a large set of simulations showing the variety 
of anisotropy decay laws resulting from associated dynamics 
and gave some examples of the large errors brought by a 
classical analysis of such decays. Associated dynamics may 
probably account for the unphysical long decay time in the 
anisotropy decays of E.  coli Trx-S, and may also have resulted 
in a spurious value of the short component. However, the 
nonexponentiality of the anisotropy decay definitely shows that 
some reorientation of the tryptophan side chain occurs in 
addition to the overall tumbling of the protein. The question 
remains open about its true time scale. In Trx-(SH),, our 
present interpretation would remain valid only if the observed 
fluorescence anisotropy decay includes the final slope of the 
relaxation (Ludescher et al., 1987). Since a similar long 
relaxation time is found as well for the single-tryptophan- 
containing calf thymus thioredoxin, this complex rotational 
behavior would not be simply linked to differences in the 
motion of two distinct tryptophan residues but rather to dis- 
crete dynamical states of single residues. Ludescher et al. 
(1987) have already pointed out that, since the different 
fluorescence lifetimes arise from different interactions of the 
fluorophore with its surrounding, it is very likely that each of 
these species is also associated with a specific dynamical be- 
havior. It is striking to note that E.  coli and calf thymus share 
simultaneously similar fluorescence kinetics and anisotropy 
decays, while the yeast protein clearly differs in both. 
Therefore, as soon as the fluorescence of a given system is 
shown to be heterogeneous (which is by far the general case 
for proteins), the question should be asked about the possibility 
of associated heterogeneity in the dynamics. Analytical de- 
generacy (different types of associations can result in exactly 
identical analytical functions) will combine here with the 
persistent ill conditioning of Laplace transform and the poor 
statistical accuracy of the data available today to make this 
problem an extremely difficult one to resolve. The maximum 
entropy method applied to the analysis of the transient po- 
larized components of the fluorescence may help in ap- 
proaching the solution of this problem with a minimum of a 
priori assumptions (Brochon & Livesey, 1988). 
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ABSTRACT: The local anesthetics dibucaine and tetracaine inhibit the (Ca2+ + Mg2+)-ATPase from skeletal 
muscle sarcoplasmic reticulum [DeBoland, A. R., Jilka, R. L., & Martonosi, A. N. (1975) J. Biol. Chem. 
250, 7501-75 10; Suko, J., Winkler, F., Scharinger, B., & Hellmann, G. (1976) Biochim. Biophys. Acta 
443, 57 1-5861. We have carried out differential scanning calorimetry and fluorescence measurements to 
study the interaction of these drugs with sarcoplasmic reticulum membranes and with purified (Ca2+ + 
Mg2+)-ATPase. The temperature range of denaturation of the (Ca2+ + Mg2+)-ATPase in the sarcoplasmic 
reticulum membrane, determined from our scanning calorimetry experiments, is ca. 45-55 "C and for the 
purified enzyme ca. 40-50 "C. Millimolar concentrations of dibucaine and tetracaine, and ethanol a t  
concentrations higher than 1% v/v, lower a few degrees ("C) the denaturation temperature of the (Ca2+ + Mg2+)-ATPase. Other local anesthetics reported to have no effect on the ATPase activity, such as lidocaine 
and procaine, did not significantly alter the differential scanning calorimetry pattern of these membranes 
up to a concentration of 10 mM. The order parameter of the sarcoplasmic reticulum membranes, calculated 
from measurements of the polarization of the fluorescence of diphenylhexatriene, is not significantly altered 
at the local anesthetic concentrations that shift the denaturation temperature of the (Ca2+ + Mg2+)-ATPase. 
It has been found, however, that the intrinsic fluorescence of these membranes is largely quenched by these 
local anesthetic concentrations and that this quenching of the intrinsic fluorescence can be adequately fitted 
to the theoretical energy-transfer prediction using the membrane/water partition coefficients determined 
in this study. It is suggested that the shift of the denaturation temperature of the (Ca2+ + Mg2+)-ATPase 
by these anesthetics, and likely the inhibition of this activity, is related to the progressive disruption of the 
lipid annulus by these drugs. 

A basic question underlying the studies focused on the 
molecular mechanism of anesthesia is the chemical nature of 
the anesthetic binding centers. From this perspective, it is to 
be recalled that previous attempts directed to support the 
hypothesis that perturbation of the lipid bilayer structure can 
account for the functional alterations linked to anesthesia have 
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failed so far in providing major structural changes at physi- 
ologically relevant concentrations of anesthetics (Franks & 
Lieb, 1982; Dodson & Moss, 1984). Alternatively, it had been 
suggested that proteins can provide the binding sites for an- 
esthetics with sufficient specificity and affinity (Franks & Lieb, 
1982, 1986; Dodson & Moss, 1984). Because of the relatively 
high hydrophobic properties of these drugs, these binding sites 
must be hydrophobic. This and the well-known strong cor- 
relation between anesthetic potency and solubility of anes- 
thetics in lipid bilayers suggest the possibility that the inter- 
action of these drugs with hydrophobic binding sites in mem- 
brane proteins could be involved in the perturbations of cellular 
excitability produced at their pharmacological doses. In this 
regard, it is to be noted that several recent studies have shown 
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