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Abstract

A method is presented that allows the calculation of the lifetimes of tryptophan residues on the basis of spectral and
structural data. It is applied to two different proteins. The calcium binding protein from the sarcoplasm of the muscles
of the sand wormNereis diversicolor~NSCP! changes its conformation upon binding of Ca21 or Mg21. NSCP contains
three tryptophan residues at position 4, 57, and 170, respectively. The fluorescence lifetimes of W57 are investigated in
a mutant in which W4 and W170 have been replaced. The time resolved fluorescence properties of W57 are linked to
its different microconformations, which were determined by a molecular dynamics simulation map. Together with the
determination of the radiative rate constant from the wavelength of maximum intensity of the decay associated spectra,
it was possible to determine an exponential relation between the nonradiative rate constant and the distance between the
indole CE3 atom and the carbonyl carbon of the peptide bond reflecting a mechanism of electron transfer as the main
determinant of the value for the nonradiative rate constant. This result allows the calculation of the fluorescence lifetimes
from the protein structure and the spectra. This method was further tested for the tryptophan of Ha-ras p21~W32! and
for W43 of the Tet repressor, which resulted in acceptable values for the predicted lifetimes.
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Tryptophan is a naturally occurring fluorescent probe present in
most proteins that is sensitive to its immediate environment. There-
fore, it can be used to study structural and dynamic properties of
proteins. However, this necessitates an exact knowledge of the
relation between the fluorescence properties and the protein envi-
ronment. In proteins, tryptophan fluorescence usually displays a
multi-exponential decay. This is either the consequence of excited
state reactions or of the existence of different microconformations
of tryptophan~Dahms et al., 1995!. This makes it difficult to relate
fluorescence properties with structure, because usually only one
local conformation of tryptophan is known from the structure de-
termination by X-ray analysis and only a few by NMR analysis. In
this work, we present a method to identify the different microcon-
formations and calculate the associated decay constants. The main
fluorescence properties of tryptophan are the fluorescence lifetime,
which is determined by the radiative and nonradiative rate con-
stant, the emission spectrum, which is characterized by the wave-

length of maximum emission intensity, and its fluorescence intensity,
and the quantum yield. The wavelength of maximum emission and
the radiative rate constant is strongly related to the electric field in
the vicinity of the tryptophan~Szabo & Faerman, 1992; Callis &
Burgess, 1997!. In this paper, we present an easy way to calculate
the radiative rate constant from the wavelength of maximum emis-
sion. This creates the possibility to calculate the radiative rate
constant for individual lifetimes. With the information of the ra-
diative rate constant and the fluorescence lifetime, the nonradiative
rate constant of the individual lifetimes can be calculated. To de-
termine the different microconformations of tryptophan, thex1 and
x2 angles of tryptophan are set at 93 6 different values in the
computer model. From these initial positions, a free molecular
dynamics simulation is started to explore the conformational space.
For the resulting microconformations the nonradiative rate con-
stant can be explained by means of an exponential relation be-
tween the nonradiative rate constant and the distance between the
CE3 atom of tryptophan and the carbonyl carbon of the peptide
bond, based on the theory of electron transfer. Also the relative
populations of the different microconformations can be related to
the amplitude fraction of the different lifetimes. We have applied
this method to three different proteins.

NSCP is the calcium binding protein isolated from the sarco-
plasm of the muscles of the sand wormNereis diversicolorand has
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174 amino acids~Collins et al., 1988! with a relative molecular
mass of 19,485. The three-dimensional X-ray structure~at 2 Å
resolution! of Ca21 bound NSCP~Fig. 1! is described by Vijay-
Kumar and Cook~1992!. NSCP has four domains with the typical
EF-hand~Kretsinger & Nockolds, 1973! Ca21 binding sequence,
but only sites I, III, and IV can bind Ca21 or Mg21. The protein
has a compact structure with a central hydrophobic core of 20
amino acids, most of which are aromatic. The domains I and II
form a pair by a back-to-backb-sheet just like the pair III and IV.
NSCP is mainlya-helical~58%! with eight helices~A through H!.
It contains three tryptophan residues at position 4, 57, and 170,
respectively. Our method was applied to a mutant containing only
W57.

The result obtained for NSCP was further tested on an other
protein, i.e., Ha-ras-p21, where a tryptophan was engineered by
site directed mutagenesis at position 32. Ha-ras-p21 belongs to the
ras-related superfamily of GTP-binding proteins, which is a family
of small 20–25 kDa proteins that bind guanine nucleotides very
tightly and cycle between an inactive guanosine diphosphate~GDP!-
bound state and an active guanosine triphosphate~GTP!-bound
state. These proteins are involved in the signal transmission path-
way ~Wittinghofer & Pai, 1991!. As with the other G-proteins,
GTP is bound in the active state of Ha-ras-p21, and to switch to the
inactive state, theg-phosphate of the nucleotide has to be hydro-
lyzed and released, while the GDP remains bound to the protein.
Both states show differences in certain areas of the molecule~Pai
et al., 1990; Tong et al., 1991! that lead to two different confor-
mational states: the GTP-bound form and the GDP-bound form. In
the active conformation, these proteins interact with an effector
molecule. The GTPase activity on its own can be influenced by
several effectors as guanosine triphosphatase activating proteins
~GAPs! ~Adari et al., 1988!.

We have used a fluorescent mutant of p21~Y32W!. The tryp-
tophan fluorescence yield of this mutant is significantly smaller

~by ;45%! when GTP is bound as compared to the GDP-bound
state~Rensland et al., 1995!. The conformation~and fluorescence!
of the GTP-state can also be obtained by the binding of BeF3

2

with the advantage that the GTP state is now a stable state~Díaz
et al., 1997a!. The structure of the mutant does not show any
disturbance in comparison with the wild-type~Rensland et al.,
1995!. Finally, the method was also applied to literature data about
W43 of the tet repressor protein with good results~Antonini et al.,
1997!.

Results

Fluorescence spectra and quantum yields
of the NSCP variants

Analysis of the fluorescence spectra~Fig. 2! and the quantum
yields ~Table 1! of NSCP variants that where measured in Ca21

bound and apo state reveals that the quantum yield of W57 de-
creases strongly if Ca21 is bound, also a change in the molar
absorption coefficients is observed. The quantum yield of W57
decreases from 0.14 to 0.03 upon the binding of Ca21. The fluo-
rescence of W57 is also strongly influenced by the salt bridge
R25-D58 in the environment of W57~Fig. 1!. It is interesting to
note that the molar absorption coefficients of individual trypto-
phans at 295 nm can vary between 2,338 and 3,194, while the
molar absorption coefficient at 280 nm is much more constrained
~Mach et al., 1992!.

Time-resolved fluorescence parameters

The measurements were performed at emission wavelengths rang-
ing from 320 to 380 nm in 10 nm intervals. A single or double
exponential fit to the phase data yielded unacceptable high values
of xR

2 and a significant nonrandomness in the autocorrelation func-
tion of the weighted residuals as a function of the frequency. Best
fit with lowest xR

2 and no systematic deviations in the autocorre-
lation function of the weighted residuals is obtained with a triple or

Fig. 1. MOLSCRIPT representation~Kraulis, 1991! of the X-ray structure
of NSCP Ca21. The white spheres represent the calcium ions.

Table 1. Molar absorption coefficients, quantum yield, average
lifetime, and radiative rate constant of NSCP and variants

E295

~M21 cm21! Q
^t&
~ns!

^kr&
~ns21!

lmax

~nm!

W4-170F

Ca 2,3386 198 0.0336 0.001 0.61 0.054 317
Mg 2,5016 321 0.0326 0.001 0.59 0.054 324
apo 2,9576 152 0.146 0.01 3 0.048 330

W4-170F/R25D

Ca 2,8786 398 0.106 0.02 2.2 0.046 336
Mg 2,9846 473 0.096 0.01 2 0.046 336
apo 3,1426 357 0.136 0.06 2.8 0.046 345

W4-170F/R25D/D58R

Ca 2,8736 45 0.126 0.01 2.5 0.048 325
Mg 2,6736 47 0.086 0.01 1.5 0.052 323
apo 3,1946 38 0.186 0.01 3.4 0.052 328
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quadruple exponential function. We did not observe any depen-
dency of the lifetimes on the emission wavelength. Therefore, to
improve the quality of the decay parameters, a global analysis of
all the phase measurements at the different wavelengths was per-
formed. The results of this global fit are summarized in Table 2.

Relation between the radiative rate constant and the
electric field in the vicinity of the indole ring

Szabo and Faerman~1992! suggested that the radiative rate con-
stant is influenced by the electric field in the vicinity of the indole
ring. The electric field over the indole ring is directly related with

the wavelength of maximum emission intensity~Callis & Burgess,
1997!. The relation between the emission spectrum and the radi-
ative rate constant is given by the following equation~Strickler &
Berg, 1962!:

kr 5 F2.883 1029n2
ga

gb

E e~ Tn!

Tn
d TnG EI ~ Tn! d Tn

E Tn23I ~ Tn! d Tn

5 2.883 1029n2
ga

gb

g~absLa!•f '~lmax! ~1!

Fig. 2. Normalized decay associated spectra~DAS! of W4-170F, W4-170F0R25D, and W4-170F0R25D0D58R in the Ca21, Mg21, and
apo form. Key to plot:m, longest lifetime;▫, second longest lifetime;d, middle lifetime;L, smallest lifetime;. . . . , sum of thedecay
associated spectra.

Table 2. Lifetimes (t), wavelength independent amplitude fraction (a), andxR
2 as obtained by global analysis

of the fluorescence decay of NSCP mutant W4-170F in the Ca21 bound state

a1

t1

~ns! a2

t2

~ns! a3

t3

~ns! a4

t4

~ns! xR
2

0.666 0.06 0.196 0.08 0.236 0.03 0.666 0.20 0.096 0.01 2.46 0.3 0.026 0.07 5.86 0.3 3
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wheren is the refractive index of the medium;ga andgb are the
degeneracies of the lower and upper state, respectively;E is the
molar absorption coefficient;Tn is the wave number;I is the fluo-
rescence intensity. The factor behind the square bracketsf 9~lmax!
is responsible for the influence of the emission spectrum on the
radiative rate constant. Using the lognormal function~Equa-
tion 10! for the shape of the spectra, this factor is fully determined
by its dependence on the wavelength of maximum emission inten-
sity. We constructed a pragmatic equation that allows an easy
calculation of this factor from the wavelength of maximum emis-
sion intensity. We obtained 21 values of this factor by numerical
integration of 21 different spectra of tryptophan, constructed with
the lognormal function~Equation 10! with wavelengths of maxi-
mum intensity ranging from 310 to 355 nm. The results were then
fitted to a sixth power polynomial~power six turned out to give the
best fits!:

f ~lmax! 5 almax
6 1 blmax

5 1 clmax
4 1 dlmax

3

1 elmax
2 1 flmax1 g ~2!

yielding the following values for the parameters:a523.6985E212,
b 5 7.6207E209, c 5 26.5369E206, d 5 2.9880E203, e 5
20.7675,f 5 104.9553,g 5 25,960.8610.

Taking 1.5 for the refractive index of the protein~Desie et al.,
1986! and adjusting the dimensions to ns21 for kr , Equation 1
becomes for tryptophan:

kr 5 6.48•1029g~absLa! f ~lmax! ~3!

whereg~absLa! is the factor related to the absorption bandLa of
tryptophan as defined in Equation 1. TheLa absorption band is
very difficult to measure because it overlaps with theLb absorption
band~Valeur & Weber, 1977!. Therefore an average factor is de-
termined by fitting Equation 3 to thêkr& obtained from the mu-
tants W57-170F, W4-170F, W4-170F0R25D, and W4-170F0R25D0
D58R, and a value of~2926 7!{104 is obtained~Fig. 3!. The last
two mutants were made to remove and0or to invert the salt bridge
~and therefore also the electric field! in the environment of W57.
The data of Table 1 and Figure 2 clearly demonstrate these effects.

Energy mapping

Minimum perturbation map calculations of W57 were performed
on the X-ray structure~PDB ID:2SCP!. The energy map of W57
~Fig. 4! shows only one stable conformation for the tryptophan
side chain, i.e.,x1 5 1808 andx2 5 21008. This minimum energy
conformation corresponds to the conformation found in the crystal
as determined by X-ray analysis~x1 5 1808 andx2 5 2908!.

Molecular dynamics of NSCP

In the energy minimized overall protein structure, thex1 andx2

angle of Trp57 are set at 54 different starting values. These were
again energy minimized, heated, and equilibrated. Consequently, a
normal molecular dynamics~MD! simulation of 50 ps was done to
monitor the evolution ofx1 and x2 angles of Trp57 at every
starting position. Sixty-five percent of the starting positions re-
sulted in a distortion of the secondary structure due to an energet-
ically and0or geometrical very bad starting structure. The start and

end values are summarized in Table 3. The final values ofx1 and
x2 for the conformation of the remaining 35% are shown in Fig-
ure 5. Although 19 start structures remain, there are only seven
possible conformations of W57. Different starting structures con-
verge to the same energetically favored conformations. Thus, the
120 ps MD in total explores enough conformational space to find
the stable energy minima. The minimal potential energyU0 ~Schlit-
ter et al., 1994! of the whole protein for the different conformations

Fig. 3. The radiative rate constant as function of the wavelength of max-
imum intensity as fitted to Equation 13.

Fig. 4. Energy map of W57 in the NSCP Ca21 conformation. The values
have kcal0mol as unit and are relative to the lowest value.
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is the same within 5%. To estimate the relative population of a
certain local conformation, the number of initial positions from
which this final conformation can be reached is calculated. Con-
formation B, for example, is 10 times reached out of 19 starting
positions~Table 3!; hence, conformation B is assumed to have a
53% chance of occurring and its relative population is therefore
also 53%~Table 4!. In the immediate neighborhood of W57, none
of the known quenchers~Chen & Barkley, 1998! are found. There-
fore, the only possible quenching mechanism seems to be electron
transfer to the peptide bond~Chen et al., 1996; Antonini et al.,
1997!. Therefore, the distance to the carbonyl carbons of the pep-
tide backbone in the vicinity of W57 are calculated and are shown
in Table 4. Conformations with the same distance to the carbonyl
carbon are collected in the same family because they should have
the same lifetime~Table 4!. The population of these families can
then be compared with the amplitude fraction of the different
lifetimes of the W4-170F variant~Table 4!.

Correlation between the different conformations
and the fluorescence lifetimes of p21

In the protein p21-GDP, Trp 32 is set to the six conformational
energy minima of free Trp~Gordon et al., 1992! for x1: 1608,
21808, and2608 combined withx2: 1908 and2908, from where

Table 3. Start and final values ofx1 and x2 dihedral angles of Trp57 after a 50 ps
molecular dynamics simulationa

Start x1

2180 2140 2100 260 220 20 60 100 140

Start Final x1/x2

x2: 21600 2700 21700 1400 1700 1700 21800 21700 1800
120 290 270 2110 0 160 90 270 270 2120

A X A D X X X X X

x2: 21600 21600 2800 21600 2700 200 1600 1600 1200
60 2120 2110 290 290 240 270 120 120 80

X A C X X X B B X

x2: 21700 21600 21600 400 400 700 1700 1500 1700
0 90 2120 2120 40 280 2130 160 120 160

X A X X X X B B B

x2: 1700 21700 2500 300 600 800 700 2700 1700
260 180 70 90 80 20 220 270 100 170

B X X X X C 9 X X B

x2: 1700 1800 700 2600 600 2500 2500 1600 1700
2120 150 170 2100 120 20 130 120 210 160

B B X X X X B 9 X B

x2: 1700 1000 2800 700 700 500 2400 21800 1600
2180 220 2100 60 2170 90 30 110 2120 230

X B0 X X X X X X X

aA through D different families of microconformations:

A: 2170 , x1 , 2160; 2120 , x2 , 290
B: 150, x1 , 180; 120, x2 , 180, B9: x1 ' 250;x2 ' 120, B0: x1 ' 100;x2 ' 2100
C: x1 ' 280;x2 ' 290, C9: x1 ' 80;x2 ' 220
D: x1 ' 140;x2 ' 0
X: Start conformation distorts secondary structure.

Fig. 5. Possible conformations of W57 in NSCP Ca21 conformation, de-
termined by a free MD scan~see text!. The dots represent thex1 andx2

angles of W57.
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an energy minimization and a 200 ps molecular dynamics simu-
lation was started. The averaged values over the 200 ps of the
distances between Trp32 and the carbonyl of the backbone are
shown in Table 5. The conformation with starting valuex1:21808
andx2:1908 changes its conformation to thex1:2608 andx2:1908
conformation, indicating that thex1:21808 andx2:1908 confor-
mation is an unstable one. The lifetimes of p21 at 228C wheret1 5
0.3, t2 5 1.8, andt3 5 4.9 the measured average radiative rote
constant was 0.041 ns21.

Quenching of the fluorescence of p21 Y32W in the GDP
and GDP1 BeF3

2 state with Cu21 and I2

To determine the solvent accessibility and the charge of the envi-
ronment of the species with different lifetimes of Trp32, a quench-
ing study is performed with Cu21 and I2 and the results are shown
in Table 6. The quenching constants of the different lifetimes in-
dicate that the microstate associated with the middle lifetime is
more solvent accessible than the microstate of the long lifetime.
When the quenching constants in the presence and absence of

BeF3
2 are compared, it becomes clear that the microstate of the

middle lifetime is more solvent accessible in the absence of BeF3
2

while the microstate of the longer lifetime is more solvent acces-
sible in the presence of BeF3

2.

Discussion

The fluorescence decay of a single tryptophan residue in a protein
is usually multi-exponential. The origin of this complex behavior
is a matter of discussion. Basically two classes of explanations are
offered. They either belong to a dynamic picture, i.e., a collection
of excited state reactions, or to a static picture, i.e., a multiplicity
of conformational states of the residue~conformers or rotamers!.
Examples of support exist for each mechanism, and it is quite clear
that both explanations are necessary to describe the complex be-
havior of tryptophan residues in proteins. Moreover, the static
model has to be expanded with the kinetics of interchange between
the different conformers of tryptophan to complete the picture. The
different excited state reactions that are possible for a tryptophan
in a protein have been reviewed by Chen and Barkley~1998!. They
include intersystem crossing, solvent quenching, excited state pro-
ton, and electron transfer. The balance of the different possibilities
and the rate constants differ for the aminoacid side chains to be
considered. All these processes are parallel pathways of deactiva-
tion, and therefore they do not explain in se the existence of
different lifetimes for a single tryptophan, unless they are coupled
to the existence of different conformers of the residue. Other ex-
cited state processes, such as energy transfer and solvent or protein

Table 4. Fraction of population and distance between W57(CE3) and the carbonyl
carbon of the peptide bond of the different conformations of W57 in NSCP

Native
conformation

Global
family

Fraction
~%!

conformation

Fraction
~%!

global
family

Distance
to 57~C!

~Å!

Distance
to 56~C!

~Å!

Associated
lifetime
~amplit
fraction!

A A 21 21 4.5 5.8 t2 ~0.23!
B B 53 63 3.8 5.8 t1 ~0.66!
B9 B 5 4.8 3.7
B0 B 5 3.7 6.3
C C 5 10 5.6 5 t3 ~0.09!
C9 C 5 5.1 6.4
D D 5 5 5.5 5.7 t4 ~0.02!

Table 5. Distance (Å) between atom CE3 of Trp32 and the
C atom of the carbonyl groups of the amino acids
30 to 33 in the different microconformations of W32
in the GDP state structure of the Y32W variant

For x2 5 190

x1 160 260

D30 4.93726 0.5769 8.08956 0.5496
E31 4.17386 0.4377 5.68726 0.3167
W32 5.04236 0.2192 4.38066 0.3496
D33 7.06336 0.2680 5.05486 0.7320

For x2 5 290

x1 160 2180 260

D30 7.91126 0.3297 6.24186 0.7713 4.28026 0.4607
E31 6.41606 0.1869 4.56836 0.4951 4.74486 0.4161
W32 4.13416 0.2905 5.11356 0.3339 5.56446 0.1790
D33 3.86686 0.2320 7.14746 0.5124 7.40926 0.3209

Table 6. Bimolecular quenching constants kq determined
for the middle and long lifetime of Trp32 in the GDP
and GDP1 BeF3

2 state of Y32W

kq ~ns21 M21!

GDP GDP1 BeF3
2Nucleotide

lifetime
quencher t2 t3 t2 t3

Cu21 1,2466 135 396 1 2706 15 726 5
I2 0.536 0.06 0.0826 0.004 0.436 0.02 0.0886 0.006
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relaxation, can be the origin of a multi-exponential fluorescence
decay. Indications for these processes are negative amplitudes and
emission wavelength dependent lifetimes.

Recently, a new model has been proposed by Hudson~1999!. In
this model, it is assumed that electron transfer can result in the
formation of an ion-pair complex with a lifetime determined by its
emission rate constant and a rate constant for return to the original
excited state of tryptophan. This mechanism gives rise to the ap-
pearance of two exponentials, the amplitudes of which are deter-
mined in a complex way by the different rate constants involved.
This fact allows for a diagnostic of this mechanism: changing the
lifetimes of the excited states by adding an external quencher, e.g.,
acrylamide changes the ratio of the amplitudes, which would not
be the case if the amplitudes reflected populations of different
conformers~unless specific static quenching would be possible!.
This analysis has been successfully applied to T4-lysozyme~Har-
ris & Hudson, 1990!. In this single Trp protein, two lifetimes are
observed, respectively, of 1 and 3 ns. The replacement of an amide
by Ala in the immediate neighborhood of the tryptophan leads to
a single lifetime of 5 ns. The formation of an electron transfer ion
pair with the amide can explain the quenching and the production
of the two lifetimes, and the amplitude ratio changes indeed with
the concentration of added acrylamide.

We have studied W126 of the DsbA-mutant W76F~Sillen et al.,
1999!. We also replaced two amides in the immediate neighbor-
hood of W126 one by one but we observed, however, an increased
quenching in the absence of the amides and a reshuffling of the
amplitudes~Sillen et al., 1999!. Moreover, the kinetics of the re-
shuffling could be estimated to be very slow.

The question remains therefore of how to explain different life-
times when no obvious quenching groups are available in the
environment as is the case for W57 of NSCP.

As shown previously~Chen et al., 1996; Chen & Barkley, 1998!,
electron transfer to the peptide bond is also a candidate for quench-
ing. The peptide bond is always present, also in the denatured state.
Since electron transfer is strongly distance dependent, its effi-
ciency will depend on the conformation of the Trp residue. Both
through bond as well as through space electron transfer might have
to be considered. We therefore decided to explore this possibility.

Molecular mechanics and dynamics simulations

To characterize these microconformations of tryptophan, minimum
perturbation maps are calculated~Silva & Prendergast, 1996!. These
maps display areas where Trp is in an energetically favored posi-
tion. But these maps do not take into account that changes of
conformations of Trp in proteins are dynamic processes that occur
at room temperature rather than at 0 K. Therefore, instead of cal-
culating a minimum perturbation map, a different approach is taken
here to calculate the different conformations of tryptophan. For
W57 of NSCP there is an important difference between the energy
map ~Fig. 4! and the MD-conformation map~Fig. 5!; the energy
map predicts only one possible conformation for W57, whereas the
MD-conformation map shows that different microconformations
are possible. Fluorescence measurements of W57 also reveal four
lifetimes. In the past the existence of only one energy minimum in
the energy map was used as an argument against the idea that the
different lifetimes of tryptophan originated from different confor-
mations. Our MD results show that small changes in the backbone
conformation can allow other conformations to exist that are not
revealed in energy maps. To associate the different conformations

to lifetimes, the distance between the indole and the carbonyl
carbon of the peptide backbone is calculated. The smallest distance
between the CE3 atom of tryptophan and the C atom of the car-
bonyl carbon of the peptide backbone is found to belong to four
different classes,4, 4.5,;5.0, and 5.5 Å~Table 4!, which are
associated to the respective lifetimest1, t2, t3, andt4. This as-
signment is based on two arguments:~1! the similarity between the
chance of populating a certain microconformation and the ampli-
tude fractions of the associated lifetime is very good~Table 4!;
~2! for this particular combination of lifetimes and microconfor-
mations, an exponential relation is obtained betweenknr ~which
can be calculated from the inverse of the measured lifetime and the
kr obtained by Equation 3! and the distance between CE3 of Trp
and the carbonyl carbon of the peptide bond~Fig. 6!. This expo-
nential relation reflects the main dynamic quenching mechanism,
which is electron transfer from atom CE3 of Trp to the carbonyl
carbon of the peptide backbone~Chen et al., 1996; Antonini et al.,
1997!. Thus, this plot can be fitted by the following equation
derived for electron transfer by Marcus and Sutin~1985!:

kET~R! 5 k0 exp~2b~R2 R0!! ~4!

where kET~R! is the rate for electron transfer,k0 is the rate of
electron transfer at the van der Waals contact distance~R0 5 3 Å!,
b is the range parameter that is depended on the medium. The fit
yields k0 5 25 6 3 ns21 andb 5 1.96 0.1 Å21.

The error onkET~R! can be calculated from the derivative

dkET~R! 5 @k0~2b!exp~2b~R2 R0!! dR# . ~5!

With b 5 1.9 anddR around 0.3 Å as obtained from MD simula-
tions, the relative error ofkET~R! 5 60%. This error is probably
largely overestimated because it assumes that emission from all
R-values is equally likely, which is obviously not the case. It also

Fig. 6. The nonradiative rate constant as function of the distance between
the CE3 atom of W57 and the C atom of the carbonyl of the peptide bond
of W57.
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suggests the possibility that these distance fluctuations are at the
origin of lifetime distributions observed in the literature.

The same approach can be employed to determine the different
conformations of W32 of p21. Also, here no pronounced quench-
ers are found around W32. Because W32 is largely solvent acces-
sible, the solvent must be taken into account in this MD map. To
speed up the procedure, because solvent simulations consume a
much longer calculation time than vacuum ones, we limited the
starting conformations to the six possible conformations observed
in free tryptophan. These MD simulations reveal five possible
conformations of W32 in p21. Applying Equation 4 to the distance
between the closest peptide carbonyl carbon and CE3 of W32
yielded calculated lifetimes that were, however, very different to
the measured ones. However, limiting the use of Equation 4 to only
the carbonyl carbon of W32 itself yielded calculated lifetimes that
where almost identical to the measured ones~Table 7! suggesting
that maybe not every carbonyl carbon of the peptide bond is in-
volved in the quenching. This restriction can also be applied to
NSCP; if only the carbonyl carbon of W57 itself is used to deter-
mine the parameters of Equation 4, the same parameters are still
obtained. To test the validity of Equation 4, we looked in the
literature for data about a tryptophan where the lifetimes where
measured and where the different conformations where deter-
mined. Testing Equation 4 to the data for W43 of the tet-repressor
as determined by Antonini et al.~1997! yielded an acceptable
correlation between the calculated and measured lifetimes~Table 7!,
taking into account that the conformations of this tryptophan was
obtained by an energy map.

The question remains why only the carbonyl of tryptophan itself
is a quencher and not other carbonyls. The rate of electron transfer
is much larger through covalent bonds than through vacuum~Gray
& Winkler, 1996; Wierzchowski, 1997!. However, if the electron
transfer propagates through the covalent bonds that connect the
indole with its carbonyl then there would only be one lifetime. A
possible explanation is that for efficient electron transfer the or-
bitals involved have to be correctly orientated toward each other
~Wierzchowski, 1997!. Thus, the distance dependency of the effi-
ciency of electron transfer reflects in fact the effect of the orien-
tation of the bonds involved, while for through space electron
transfer the orientation is not determined by the distance.

The distribution of microconformations of a tryptophan is sug-
gested to be largely determined by the secondary structure~McGre-
gor et al., 1987; Willis et al., 1994; Clayton & Sawyer, 1999!. It
should, therefore, be possible to predict the lifetime distribution of
tryptophans in different secondary structures, provided the value
for x1 andx2 are known.

Changes in microconformations vs. a global conformational
change upon BeF32 binding to p21(Y32W)-GDP

The p21-Y32W GDP bound variant has three lifetimes that do not
change upon BeF32 binding, only the amplitude fraction of the
middle lifetime increases from 0.16 to 0.71, while the amplitude
fraction of the long lifetime decreases from 0.74 to 0.18~Díaz
et al., 1997a!. The origin of the different lifetimes in p21-Y32W of
W32 is either the existence of different microconformations of the
tryptophan itself originated from different chi-angles or the exis-
tence of different conformations of the whole protein. At a first
glance, it is possible that p21 has two conformations. One pre-
dominates when GDP is bound and is responsible for the long
lifetime, and the other conformation dominates when GTP is bound
and is responsible for the middle lifetime. But then the two life-
times would have the same environment in both the GDP bound
state and the GTP bound state, only the population of the different
conformations would differ in both states. This is in contradiction
with both the DAS~data not shown! and the quenching experi-
ments that clearly indicate that both lifetimes have different envi-
ronments in different states. This also means that the environment
in itself is not responsible for the lifetimes of tryptophan. This is in
agreement with the idea that the peptide bond is the major quencher
for tryptophan fluorescence in proteins~Chen et al., 1996!. If p21
switches from the GDP bound state to the GTP bound state, then
there is a movement of the loop containing W32 putting the W32
in a solvent exposed environment. However, since the loop moves
as a rigid body~Díaz et al., 1997b!, there is no change in the
relative conformation of the tryptophan toward the backbone of the
loop, resulting in the same fluorescence lifetimes. The environ-
ment is indeed responsible for the probability of populating a
possible conformation, in the GDP bound state the longest lifetime
dominates and in the GTP bound state the middle lifetime domi-
nates. The fact that the quenching data can be described by simple
Stern Volmer behavior with constant amplitudes proves that these
amplitudes are not kinetically determined.

Conclusion

The only relevant quenchers in proteins are the disulfide bridge,
the amino acid side chains of protonated histidine, cysteine, maybe
tyrosine, and the carbonyl carbon of the peptide bond~Vos &
Engelborghs, 1994; Chen et al., 1996; Hennecke et al., 1997; Chen
& Barkley, 1998!. This means that the peptide bond is the only
quencher that always influences the lifetimes of tryptophan and in
some cases it is also the only one. The different fluorescence
lifetimes of W57~of NSCP! and W32~of P21! can be explained as
originating from different conformations of tryptophan with dif-
ferent distances between atom CE3 of tryptophan and the carbonyl
carbon atom of the peptide bond. This mechanism of quenching by
electron transfer is probably the main feature determining the life-
time of tryptophan in the absence of other pronounced quenchers.
For an absolute proof, rigid molecules with a well-defined distance
and orientation might be necessary, or peptide analogs with a miss-
ing tryptophan carbonyl.

Materials and methods

Materials

Isopropylb-d-thiogalactoside~IPTG! was obtained from Promega
~Madison, Wisconsin!. MgCl2 and EDTA were purchased from

Table 7. Comparison between calculated and
measured lifetimes (ns)

Ha-ras p21~W32! Tet repressor~W43!

Calculatedt Measuredt Calculatedt Measuredt

t1 0.3 0.3 0.2 0.2
0.5 0.6

t2 1.8 1.8 2 2.8
2

t3 4.3 4.9 6 6.7
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Janssen Chimica~Beerse, Belgium!. CaCl2 was obtained from Riedel
de Haen~Seelze, Germany!, GuHCl was obtained from Fluka
~Buchs, Switzerland!, and N-acetyltryptophanamide and EGTA
were obtained from Sigma Chemical Co.~St. Louis, Missouri!.
The buffer solution of NSCP was 50 mM Tris-HCl pH 7.5. The
ionic strength of the solutions was always 0.2 M adjusted with
KCl. The buffer of p21 contained 64 mM Tris, 50 mM HCl, 1 mM
NaN3, 1 mM dithioerythritol~DTE!, 0.6 mM EDTA, 10mM nu-
cleotide~GDP!, 1 mM MgCl2, pH 7.2, containing different amounts
of KHF2 and BeSO4, calculated using the complexing constants
for Be12 and F2 ~Mesmer & Baes, 1969! to obtain free concen-
trations of BeF32 ranging from 0 to 87.7 mM. All buffer reagents
were of analytical grade and were obtained from either Sigma,
Janssen Chimica, ICN~Aurora, Ohio!, or Fluka. All solutions were
filtered through a 0.22mm filter ~Millipore Co.! and were spec-
troscopically pure. All the restriction endonucleases and Klenow
polymerase were obtained from either New England Biolabs~Bev-
erly, Massachusetts! or Boehringer Mannheim~Mannheim, Ger-
many!. The DNA purification kits were from Diagen GmbH
~Düsseldorf, Germany!.

Mutagenesis of NSCP

For expression of NSCP and its mutants, the plasmid pET22b~1!
was used~Studier et al., 1990!, into which the NSCP WT or mutant
genes were prepared either by polymerase chain reaction or by
cassette mutagenesis in the plasmid pNDner06~Dekeyzer et al.,
1994! and subsequently transferred in the pET22b~1!, resulting in
pETNSCP~van Riel, 1997!. In this plasmid the NSCP gene is
under control of the strong T7 promoter. Site-directed mutagenesis
was performed according to Dekeyzer et al.~1994!. The following
oligonucleotides were used:

W4F:

5'-GGGGCATATGTCAGATCTCTTCGTTCAGAAAATGAAGACCTACTTC-3'

NdeI

W170F:

5'-CCCCAAGCTTACACAAGCGGGCCGAAGAATACTTTGTT-3'

Hind III

R25D: 5'-TAGATTCGAAGTCCATATCCGTGATAGCACC-3'

D58R: R: 5'-GAAGTTGCGCCAGACGCCGGTGAG-3'

F: 5'-CGGCGTCTGGCGCAACTTCCTCAC-3'

The mutation W57F was made by cassette mutagenesis with the
following cassette:

5'-CGGCGTCTTCGACAACTTCCTCAC-3'

3'-GTGGCCGCAGAAGCTCTTGAAGGTGTGCCGG-5'

which has restriction sites for BglI and EaeI.
Mutants where identified by restriction analysis and the mutated

genes were entirely sequenced using the ABI PrismTM Big Dye
Terminator Cycle Sequencing Ready Reaction system~Perkin Elmer,
Foster City, California!.

Expression and purification of NSCP

The Escherichia colistrain Bli5 ~Bl21~DE3! 1 pDIA17! ~Chang
& Cohen, 1978; Studier & Moffat, 1986; Raleigh et al., 1988;
Munier et al., 1991! was transformed by electroporation with the
pETNSCP plasmids. Cells were then treated as described by De-
keyzer et al.~1994!. The difference in negative charges between
the Ca21 and the apo state of the protein was used to purify NSCP.
In a first stage, NSCP in the presence of Ca21 was isolated from
the other cell proteins by anion exchange chromatography~DEAE,
Fast-Flow, Pharmacia, Uppsala, Sweden!. This was repeated but
with adjusting to 5 mM EGTA~apo conformation!. In a last step,
NSCP was purified on a Hiload Superdex 75 prepgrade 16060
column~Pharmacia!. To purify the NSCP W4-170F0R25D0D58R
variant, an additional step was required before the anion exchange
chromatography because this variant was only expressed as inclu-
sion bodies. The inclusion bodies were isolated by sucrose gradient
centrifugation~Vandenbroeck et al., 1993!. They were subsequently
denatured by 6 M Gu{HCl in presence of 5 mM EGTA at 378C
during 15 h, and renatured by dialysis against 4 L 20 mM Tris-HCl,
pH 7.5, 2 mM CaCl2. The subsequent steps in the purification
procedure were as with the other mutants except that the EGTA
step was omitted. All NSCP variants were$99% pure as judged
by Coomassie stained SDS gels. All the variants where stored with
2 mM CaCl2. The apo form was made by adding EGTA and EDTA
to a 10mM concentration each. The Mg21 form was made by
adjusting the apo form solution to 20 mM MgCl2.

Mutagenesis and purification of p21

The Y32W mutant of p21 was produced and purified as described
in Tucker et al.~1986! using aptac E. coli expression system
kindly donated by Prof. Dr. Alfred Wittinghofer~Max-Plank In-
stitut für Molekulare Physiologie, Dormund, Germany!. Its func-
tionality was checked by the nucleotide binding assay~Tucker
et al., 1986!.

GDP-bound Ha-ras-p21 was prepared by a chromatography in a
cold Sephadex G-25 column equilibrated in the GDP containing
buffer. The concentrations of the samples were measured~Brad-
ford, 1976! using bovine serum albumin as standard.

Steady-state fluorescence

Steady-state fluorescence was measured with a SPEX spectroflu-
orometer~Fluorolog 1691, Spex Industries, Edison, New Jersey,
V.S.! with excitation and emission slits providing a bandpass of 7.2
and 3.6 nm, respectively. Spectra are corrected for the wavelength
dependence of the emission monochromator and the photomulti-
plier and also by subtracting background intensities of the buffer
solution. The cuvette holder was thermostated at 228C. The exci-
tation wavelength was 295 nm to ensure that the measured fluo-
rescence is only due to tryptophyl fluorescence.

UV absorption

UV absorption was measured on a Uvikon Kontron 940 spectro-
photometer. The molar absorption coefficients at 295 nm are cal-
culated by taking the ratio of the absorbance at 295 nm and at
280 nm, multiplied by the molar absorption coefficients at 280 nm,
which was determined according to the method of Mach et al.
~1992!.
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Fluorescence lifetime data

Fluorescence lifetime data were determined using an automated
multifrequency phase fluorometer. The instrument is similar to the
one described by Lakowicz et al.~1985!, except for the use of a
high-gain photomultiplier~Hamamatsu H5023! instead of a mi-
crochannel plate. The detection part is described by Vos et al.
~1997!. The excitation source consists of a mode-locked titanium-
doped sapphire laser~Spectra Physics Tsunami! pumped by a
Beamlok 2080 Ar1-ion laser ~Spectra Physics 2080!. After
frequency-tripling~Spectra Physics GWU!, the excitation wave-
length is 295 nm. A single harmonic component of the exciting
light pulse train is first converted to an intermediate frequency of
455 kHz via external cross-correlation, and further filtered and
amplified. The phase shift is measured in the low frequency do-
main ~700 Hz! using a second cross-correlation step. In this way,
fluorescence lifetime measurements are performed by measuring
the phase shift of the modulated emission at 50 frequencies rang-
ing from 1.6 MHz to about 1 GHz. N-Acetyltryptophanamide~in
water filtered by the milliQ-system~Millipore!! with a fluores-
cence lifetime of 3.059 ns or p-terphenyl in cyclohexane with a
lifetime of 1.04 ns~Desie et al., 1986! was used as a reference
fluorophore. The measured phase shiftsf at a modulation fre-
quencyv of the exciting light are related to the fluorescence decay
in the time domainI ~t!:

I ~t! 5 (
i

ai expS2t

ti
D ~6!

whereai is the amplitude of the fluorescence signal of the com-
ponent with lifetimeti , by means of the following equation~We-
ber, 1981!:

tanf~v! 5
S~v!

G~v!
~7!

whereS~v! and G~v! are the sine and the cosine Fourier trans-
forms of I ~t!:

S~v! 5 (
i

fi
vti

11 v2ti
2
,

G~v! 5 (
i

fi
1

11 v2ti
2
, ~8!

and fi the intensity contribution of the component with lifetime
ti~ fi 5 ai{ti0(i ai{ti !.

Data analysis was performed using a nonlinear least-squares
algorithm ~Bevington, 1969!. Several statistical techniques were
used in the fitting procedure as described by Clays et al.~1989!.
Measurements performed at different emission wavelengths were
analyzed simultaneously with global analysis~GLOBALS UN-
LIMITED TM, University of Illinois, Urbana, Illinois! to increase
the resolution of the lifetimes and the corresponding amplitudes
~Beechem et al., 1983!. Phase data were fitted using the modified
Levenberg–Marquardt algorithm~More & Sorensen, 1983! assum-
ing fluorescence lifetimes that are independent of the emission
wavelength and a variable amplitude ratio.

Quantum yieldswere determined relative to tryptophan in water
according to the method of Parker and Rees~1960!:

QProt 5
EIProt ATrp

EITrpAProt

QTrp ~9!

where* I is the integrated intensity over the wavelength region
300–450 nm,A is the absorbance at 295 nm, and the quantum
yield QTrp for tryptophan in water is taken as 0.14~Kirby & Steiner,
1970!.

Decay associated spectra

Decay associated spectra are constructed by multiplying the inten-
sity fraction with the intensity of the emission spectra at the re-
spective wavelength~Ross et al., 1981!. A lognormal function
~Burstein & Emelyanenko, 1996! is fitted to the associated inten-
sities to obtain the decay associated spectra.

I ~l! 5 Im expF ln 2

ln2 r
ln2S ~a 2 10l!

~a 2 10lm!DG. ~10!

Here,Im 5 I ~lm! is the maximal fluorescence intensity;lm is the
wavelength of the band maximum;r 5 ~10lm 2 10l2!0~10l1 2
10lm! is the band asymmetry parameter;a 5 10lm 1 ~10l1 2
10l2!r0~ r2 2 1! is the function limiting point;l1 5 1070
~0.830{1070lm 1 7,071! andl2 5 1070~1.1768{1070lm 2 7,681!
are the wavelength positions of half-maximal amplitudes.

The average radiative rate constant is calculated by dividing the
quantum yield by a wavelength independent amplitude average
lifetime ~Sillen & Engelborghs, 1998!:

^kr & 5
Q

Sti ai

. ~11!

Here, ai is a wavelength independent amplitude fraction and is
defined as~Willis & Szabo, 1992; Sillen & Engelborghs, 1998!

ai 5
EI0i ~l! dl

(
l51

l5n EI0l ~l! dl

5
EI0i ~l! dl

EI0~l! dl

. ~12!

The fluorescence intensity at time zeroI0~l! of each lifetime is
integrated over the wavelength region 300–450 nm and then
normalized.

Energy map of NSCP

To characterize the possible conformations of tryptophan, a min-
imum perturbation map is calculated~Silva & Prendergast, 1996!.
Minimum perturbation mapping of W57 was performed using the
CHARMM22 package~Brooks et al., 1983!. Map calculation used
the all-hydrogen CHARMM22 parameter and topology file. Min-
imum perturbation maps~Haydock, 1993! are calculated by fixing
the Trp side chain at a particularx1, x2 point and allowing the
residues nearby Trp to conformationally relax so as to achieve an

Tryptophan fluorescence lifetimes 167



energy minimization, where all the other residues are fixed to their
crystallographic coordinates. The nearby residues included resi-
dues 22–29 and 52–70. The minimization procedure, used at each
Trp dihedral point, was 100 steps by steepest descent method,
1,000 steps with a tolerance of 0.1 by the Powell method. This is
repeated in 108 steps over the whole angular space ofx1 andx2.
Throughout this paper,x1 is defined by the bond connectivity
N-Ca-Cb-Cg and x2 is defined by the bond connectivity Ca-Cb-
Cg-Cd1. These maps display areas where Trp is in an energetically
favored position.

Molecular dynamics of NSCP

All the MD calculations of NSCP were performed using
CHARMM22 ~all hydrogens! and with the molecule in vacuum.
The starting structure is the X-ray structure containing three Ca21

ions ~Vijay-Kumar & Cook, 1992! obtained from the Brookhaven
Protein Data Bank~Bernstein et al., 1977!. This structure is energy
minimized by a 2,000 step conjugate gradient minimization algo-
rithm. From this energy minimized structure, thex1 andx2 angle
of Trp57 are set at the appropriate values. These structures are
again energy minimized with 1,000 steps. These structures are
warmed up to 300 K in 20 ps and then equilibrated during 50 ps.
Consequently, a normal MD simulation of 50 ps was done to
monitor thex1 andx2 angles of Trp57.

MD simulation of p21

The three-dimensional X-ray structure of p21 was obtained from
the Brookhaven Protein Data Bank~Bernstein et al., 1977!. The
GROMOS 87~Van Gunsteren & Berendsen, 1987! package was
obtained from Biostructure S.A.~France!. The input files for the
GROMOS 87 package were generated using the program WHATIF
~Vriend, 1990!, which was also used to make the mutations in the
three-dimensional X-ray structure. The structures were placed in a
truncated octahedral box of SPC water~Berendsen et al., 1981!
with the counter ions~Cl2 and Na1!, where a minimum distance
of 7 Å was kept between the protein and the border of the box. The
energies of the protein and the water were then minimized for 500
steps using a steepest descent algorithm~Levitt & Lifson, 1969!.
The velocities of the atoms were assigned following a Maxwellian
velocity distribution at 100 K. The system was warmed up to 300 K
in two consecutive steps of 1.3 ps in total, and a free MD simu-
lation was performed for 200 ps using a constant pressure of 1 atm
and a constant temperature of 300 K. The temperature of the pro-
tein and the solvent are separately coupled to a water bath~Ber-
endsen et al., 1984! using a coupling constant of 0.1 ps. The
pressure was kept constant by coupling to an external pressure bath
~Berendsen et al., 1984! with a coupling constant of 0.5 ps. The
conditions of the MD simulation were the following: the time step
employed was 2 fs, the integration of the equations of motion and
energy were done using a leap frog algorithm included in the
GROMOS package, the bond lengths were constrained using the
SHAKE routine~Ryckaert et al., 1977!, and a cutoff of 8 Å was
used for nonbonded interactions~van der Waals interactions!, and
of 11 Å for the electrostatic interactions. For analysis, the coordi-
nates were saved every ps. The calculations were performed using
a Silicon Graphics Indigo 2 workstation equipped with a MIPS
R10000 processor. The data were analyzed using the programs
WHATIF 42 and SIMLYS ~Krüger et al., 1991!.

Fluorescence quenching of p21 with Cu21 and I2

The KI stock solution was prepared with 25 mM Na2S2O3 to
prevent the formation ofI2. The quenching of p21 with increasing
amounts of quencher was performed by adding aliquots of a stock
solution of KI ~5 M! or CuCl2 ~25 mM! to the cuvette containing
the protein after which the changes in the fluorescence lifetimes
and corresponding amplitude fractions were monitored. Fluores-
cence lifetime as function of quencher concentration@Q# was fitted
by the classical Stern–Volmer equation

1

t
5

1

t0

1 kq@Q# ~13!

wheret0~t! is the lifetime in absence~presence! of quencher.

Calculation of the nonradiative rate constant

The nonradiative rate constant~knr! is calculated by following
equation:

knr 5
1

t
2 kr ~14!

wherekr is the radiative rate constant, which is calculated as shown
before, andt is the fluorescence lifetime.
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