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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 wornNereis diversicolofNSCP changes its conformation upon binding of<Car Mg?*. 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 Hatk&8®24nd

for W43 of the Tet repressor, which resulted in acceptable values for the predicted lifetimes.

Keywords: molecular dynamics simulations; nonradiative rate constant; protein dynamics; radiative rate constant

Tryptophan is a naturally occurring fluorescent probe present inength of maximum emission intensity, and its fluorescence intensity,
most proteins that is sensitive to its immediate environment. Thereand the quantum yield. The wavelength of maximum emission and
fore, it can be used to study structural and dynamic properties othe radiative rate constant is strongly related to the electric field in
proteins. However, this necessitates an exact knowledge of théne vicinity of the tryptophariSzabo & Faerman, 1992; Callis &
relation between the fluorescence properties and the protein envBurgess, 199) In this paper, we present an easy way to calculate
ronment. In proteins, tryptophan fluorescence usually displays #he radiative rate constant from the wavelength of maximum emis-
multi-exponential decay. This is either the consequence of excitedion. This creates the possibility to calculate the radiative rate
state reactions or of the existence of different microconformationgonstant for individual lifetimes. With the information of the ra-
of tryptophan(Dahms et al., 1995 This makes it difficult to relate  diative rate constant and the fluorescence lifetime, the nonradiative
fluorescence properties with structure, because usually only onmte constant of the individual lifetimes can be calculated. To de-
local conformation of tryptophan is known from the structure de-termine the different microconformations of tryptophan, thend
termination by X-ray analysis and only a few by NMR analysis. In y, angles of tryptophan are set atX96 different values in the
this work, we present a method to identify the different microcon-computer model. From these initial positions, a free molecular
formations and calculate the associated decay constants. The mailgnamics simulation is started to explore the conformational space.
fluorescence properties of tryptophan are the fluorescence lifetimdsor the resulting microconformations the nonradiative rate con-
which is determined by the radiative and nonradiative rate constant can be explained by means of an exponential relation be-
stant, the emission spectrum, which is characterized by the waveween 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
Reprint requests to: Yves Engelborghs, Celestijnenlaan 200D, B-300populations of the different microconformations can be related to

Lexgg?év‘?;'igiﬁg\?lS?(':r";a,i\'lie%‘e’iessézrr‘ggr')?:srg:sg“%?ﬁ‘E;’]‘é?n”éz‘ibbtz-in_ <cp the amplitude fraction of the different lifetimes. We have applied
sarcoplasmic calcium t’)inding protein; IPTG, isopropyb—thiogalactosiae; ‘this meth_od to three_ dlffer.enF protelns.. .
MD, molecular dynamicsk,,, nonradiative rate constark;, radiative rate NSCP is the calcium binding protein isolated from the sarco-

constant; DAS, decay associated spectra; PDB, Protein Data Bank. plasm of the muscles of the sand wolNareis diversicoloand has
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174 amino acidgCollins et al., 1988 with a relative molecular  (by ~45%) when GTP is bound as compared to the GDP-bound
mass of 19,485. The three-dimensional X-ray struciate2 A state(Rensland et al., 1995The conformatiorfand fluorescenge
resolution of Ca" bound NSCRFig. 1) is described by Vijay- of the GTP-state can also be obtained by the binding of;BeF
Kumar and CooK1992. NSCP has four domains with the typical with the advantage that the GTP state is now a stable €bdte
EF-hand(Kretsinger & Nockolds, 1973C&" binding sequence, et al., 1997a The structure of the mutant does not show any
but only sites 1, lll, and IV can bind G4 or Mg?". The protein  disturbance in comparison with the wild-tyg&ensland et al.,
has a compact structure with a central hydrophobic core of 2A995. Finally, the method was also applied to literature data about
amino acids, most of which are aromatic. The domains | and 1IW43 of the tet repressor protein with good resgkstonini et al.,
form a pair by a back-to-bagB-sheet just like the pair Il and IV.  1997).
NSCP is mainlya-helical (58%) with eight helicegA through H).
It contains three tryptophan residues at position 4, 57, and 170Results
respectively. Our method was applied to a mutant containing only
W57.

The result obtained for NSCP was further tested on an othe :
protein, i.e., Ha-ras-p21, where a tryptophan was engineered by the NSCP variants
site directed mutagenesis at position 32. Ha-ras-p21 belongs to th&nalysis of the fluorescence spectfig. 2) and the quantum
ras-related superfamily of GTP-binding proteins, which is a family yields (Table 1 of NSCP variants that where measured i?Ca
of small 20-25 kDa proteins that bind guanine nucleotides veryhound and apo state reveals that the quantum yield of W57 de-
tightly and cycle between an inactive guanosine diphosgl@™)-  creases strongly if G4 is bound, also a change in the molar
bound state and an active guanosine triphospf@®EP)-bound  apsorption coefficients is observed. The quantum yield of W57
state. These proteins are involved in the signal transmission patfifecreases from 0.14 to 0.03 upon the binding o#'Cahe fluo-
way (Wittinghofer & Pai, 1991 As with the other G-proteins, rescence of W57 is also strongly influenced by the salt bridge
GTP is bound in the active state of Ha-ras-p21, and to switch to th&®25-D58 in the environment of W5({Fig. 1). It is interesting to
inactive state, the-phosphate of the nucleotide has to be hydro-note that the molar absorption coefficients of individual trypto-
lyzed and released, while the GDP remains bound to the proteirghans at 295 nm can vary between 2,338 and 3,194, while the

Both states show differences in certain areas of the molé®#de  molar absorption coefficient at 280 nm is much more constrained
et al., 1990; Tong et al., 1991hat lead to two different confor-  (Mach et al., 1992

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 byT
several effectors as guanosine triphosphatase activating proteifhie measurements were performed at emission wavelengths rang-
(GAPs (Adari et al., 1988 ing from 320 to 380 nm in 10 nm intervals. A single or double
We have used a fluorescent mutant of g¥B2W). The tryp-  exponential fit to the phase data yielded unacceptable high values
tophan fluorescence yield of this mutant is significantly smallerof 52 and a significant nonrandomness in the autocorrelation func-
tion of the weighted residuals as a function of the frequency. Best
fit with lowest 3 and no systematic deviations in the autocorre-
lation function of the weighted residuals is obtained with a triple or

Fluorescence spectra and quantum yields

ime-resolved fluorescence parameters

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

(1) (k) Amax

€295
(M~tcm?) Q (n9  (nsh)  (nm)

W4-170F

Ca 2,338+ 198 0.033+ 0.001 0.61 0.054 317
Mg 2,501+ 321 0.032+ 0.001 0.59 0.054 324
apo 2,957+ 152 0.14+ 0.01 3 0.048 330

W4-170FR25D

Ca 2,878+ 398 0.10+ 0.02 2.2 0.046 336
Mg 2,984+ 473 0.09+ 0.01 2 0.046 336
apo 3,142+ 357 0.13+ 0.06 2.8 0.046 345

W4-170F/R25D/D58R

Ca 2,873+ 45 0.12+ 0.01 25 0.048 325
Mg 2,673+ 47 0.08+ 0.01 15 0.052 323
apo 3,194+ 38 0.18+ 0.01 3.4 0.052 328

Fig. 1. MOLSCRIPT representatiofiKraulis, 1991 of the X-ray structure
of NSCP C&". The white spheres represent the calcium ions.
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Fig. 2. Normalized decay associated spe¢®aS) of W4-170F, W4-170FR25D, and W4-170R25D/D58R in the C&", Mg?*, and
apo form. Key to plotA, longest lifetimefd, second longest lifetima®, middle lifetime; ¢, smallest lifetime; ..., sum of thedecay
associated spectra.

quadruple exponential function. We did not observe any depenthe wavelength of maximum emission intengiBallis & Burgess,
dency of the lifetimes on the emission wavelength. Therefore, td997). The relation between the emission spectrum and the radi-
improve the quality of the decay parameters, a global analysis oétive rate constant is given by the following equati&trickler &

all the phase measurements at the different wavelengths was peBerg, 1962

formed. The results of this global fit are summarized in Table 2.

o (e 7 J100
Relation between the radiative rate constant and the ke = [2.88>< 10°°n? &J‘ > d’j]
electric field in the vicinity of the indole ring fl_f?’l (v)dv
Szabo and Faermai1992 suggested that the radiative rate con-
stant is influenced by the electric field in the vicinity of the indole =2.88X 10 %n>? G g(absly)f ' (Amax) (1)
ring. The electric field over the indole ring is directly related with 9o

Table 2. Lifetimes ¢), wavelength independent amplitude fractier),(and x3 as obtained by global analysis
of the fluorescence decay of NSCP mutant W4-170F in tif¢ ®aund state

T1 T2 T3 Ta
o (n9 az (n9 a3 (n9 ay (n9 X&

0.66 + 0.06 0.19+ 0.08 0.23+ 0.03 0.66+ 0.20 0.09+ 0.01 2.4+ 0.3 0.02+ 0.07 5.8+ 0.3 3
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wheren is the refractive index of the mediurg, and g, are the
degeneracies of the lower and upper state, respectivélythe
molar absorption coefficieng is the wave numbel; is the fluo-
rescence intensity. The factor behind the square bra¢kets )

is responsible for the influence of the emission spectrum on the
radiative rate constant. Using the lognormal functidbqua-
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 eas,
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 functio{Equation 19 with wavelengths of maxi-
mum intensity ranging from 310 to 355 nm. The results were then
fitted to a sixth power polynomidpower six turned out to give the
best fit9:

f ()\max) a)\max + b)\?nax + C)\Artnax + d)\?nax
+ e)\%nax + f)\max+ g (2)

yielding the following values for the parametesiss —3.6985E-12,
b = 7.6207E-09, c = —6.5369E-06, d = 2.9880E-03, e =
—0.7675,f = 104.9553g = —5,960.8610.

Taking 1.5 for the refractive index of the proteibesie et al.,
1986 and adjusting the dimensions to Hsfor k., Equation 1
becomes for tryptophan:

k. = 6.4810 °g(absLle) f (Amax) (3
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Fig. 3. The radiative rate constant as function of the wavelength of max-
imum intensity as fitted to Equation 13.

end values are summarized in Table 3. The final valueg;aind

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
whereg(absle) is the factor related to the absorption bandof 120 ps MD in total explores enough conformational space to find
tryptophan as defined in Equation 1. Thg absorption band is  the stable energy minima. The minimal potential endsgySchlit-
very difficult to measure because it overlaps with tg@bsorption iy et al., 199%0f the whole protein for the different conformations

band(Valeur & Weber, 197Y. Therefore an average factor is de-
termined by fitting Equation 3 to thék,) obtained from the mu-
tants W57-170F, W4-170F, W4-17(R25D, and W4-170R25D/
D58R, and a value o292+ 7)-10* is obtained(Fig. 3. The last

two mutants were made to remove g@adto invert the salt bridge
(and therefore also the electric figloh 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 structuréPDB ID:2SCB. The energy map of W57

(Fig. 4 shows only one stable conformation for the tryptophan »&

side chain, i.e.y; = 180 and y, = —10C. This minimum energy
conformation corresponds to the conformation found in the crystal
as determined by X-ray analysig; = 180" and y, = —90°).

Molecular dynamics of NSCP

In the energy minimized overall protein structure, theand y»
angle of Trp57 are set at 54 different starting values. These were
again energy minimized, heated, and equilibrated. Consequently, a
normal molecular dynamigdvD) simulation of 50 ps was done to
monitor the evolution ofy; and y, angles of Trp57 at every
starting position. Sixty-five percent of the starting positions re-

150
100
50
07 (02100
1oo> \
-50 8060
8u-> 100
-100 - 10 20; 6000 Qo%
8@0\4
-150 100, <8°1oo
100=
T T T T T T T
0 50 100 150 200 250 300 350

x4

sulted in a distortion of the secondary structure due to an energetig. 4. Energy map of W57 in the NSCP &aconformation. The values
ically and/or geometrical very bad starting structure. The start anchave kcafmol as unit and are relative to the lowest value.
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Table 3. Start and final values of; and y, dihedral angles of Trp57 after a 50 ps
molecular dynamics simulatién

Start x1
—180 —140 —100 —60 -20 20 60 100 140
Start Final X1/X2
X2 —160/ —70/ -170/ 140/ 170/ 170/ —180/ -170/ 180/
120 -90 —70 —110 0 160 90 —70 —70 —120
A X A D X X X X X
X2 -160/ -—-160/ —80/ -160/ =70/ 20/ 160/ 160/ 120/
60 —120 —110 -90 —-90 —40 —-70 120 120 80
X A C X X X B B X
X2 —-170/ —160/ —160/ 40/ 40/ 70/ 170/ 150/ 170/
0 90 —120 —120 40 —80 —130 160 120 160
X A X X X X B B B
X2 170/ -170/ =50/ 30/ 60/ 80/ 70/ =70/ 170/
—60 180 70 90 80 20 —-20 —70 100 170
B X X X X Cc’ X X B
X2 170/ 180/ 70/ —60/ 60/ —50/ —50/ 160/ 170/
—120 150 170 —100 120 20 130 120 -10 160
B B X X X X B’ X B
X2 170/ 100/ —80/ 70/ 70/ 50/ —40/ —-180/ 160/
—-180 -20 —100 60 —170 90 30 110 —120 —-30
X B” X X X X X X X

aA through D different families of microconformations:

—=170< y1 < —160; —120 < y, < —90

150< y; < 180; 120< y, < 180, B: y1 ~ —50; yo~ 120, B’: 1~ 100; y, ~ —100
X1~ —80; x2~ —90, C: x1~80; 2~ —20

X1~ 140; x2~0

. Start conformation distorts secondary structure.

xX0o0w»

is the same within 5%. To estimate the relative population of a  1gg
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 quencher€hen & Barkley, 1998are found. There- 45 1
fore, the only possible quenching mechanism seems to be electron
transfer to the peptide bon@hen 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

1351

90 1

in Table 4. Conformations with the same distance to the carbonyl 4
carbon are collected in the same family because they should have
the same lifetimé Table 4. The population of these families can -90 1
then be compared with the amplitude fraction of the different
lifetimes of the W4-170F variantTable 4. -135 1
. . . -180 T — t T T
Correlation between the different conformations 0 60 120 180 240 300 360
and the fluorescence lifetimes of p21 %

In the pro_te_ln p21-GDP, Trp 32 is set to the six ConformatlonaIFig_ 5. Possible conformations of W57 in NSCP Caconformation, de-
energy minima of free TrgGordon et al., 1992for y;: +60, termined by a free MD scafsee text The dots represent the, and -
—18C, and—60° combined withy,: +90° and —9C°, from where  angles of W57.
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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

Fraction Associated

Fraction (%) Distance Distance lifetime
Native Global (%) global to 57(C) to 56(C) (amplit
conformation family conformation family A A fraction)
A A 21 21 4.5 5.8 75 (0.23
B B 53 63 3.8 5.8 71 (0.66
B’ B 5 4.8 3.7
B” B 5 3.7 6.3
C C 5 10 5.6 5 73 (0.09
c’ C 5 51 6.4
D D 5 5 55 5.7 74 (0.02

an energy minimization and a 200 ps molecular dynamics simuBeR;~ are compared, it becomes clear that the microstate of the
lation was started. The averaged values over the 200 ps of theiddle lifetime is more solvent accessible in the absence ot BeF
distances between Trp32 and the carbonyl of the backbone amhile the microstate of the longer lifetime is more solvent acces-
shown in Table 5. The conformation with starting vajue—180 sible in the presence of BgF.

andy,:+90° changes its conformation to the: —60° and y,: +90°
conformation, indicating that thg,:—180 and y,:+90° confor-
mation is an unstable one. The lifetimes of p21 at@&vherer; =

0.3, 7, = 1.8, andr3 = 4.9 the measured average radiative rote
constant was 0.041 ns.

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

] o of conformational states of the resid(mnformers or rotameys

To determine the solvent accessibility and the charge of the eNViexamples of support exist for each mechanism, and it is quite clear
_ronment qf the species vyith different lifetimes of Trp32, a quench-, 4t poth explanations are necessary to describe the complex be-
ing study is performed with Cil and I” and the results are SNOWN  p4yior of tryptophan residues in proteins. Moreover, the static
in Table 6. The quenching constants of the different lifetimes in-p e has to be expanded with the kinetics of interchange between
dicate that the mlcro_state assomate_d with the middle Ilfe_tlm_e iShe different conformers of tryptophan to complete the picture. The
more solvent accessible than the microstate of the long lifetimeyjirarent excited state reactions that are possible for a tryptophan
When the quenching constants in the presence and absence jgf, protein have been reviewed by Chen and Barki®8. 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

Quenching of the fluorescence of p21 Y32W in the GDP
and GDP+ BeF;~ state with C4* and 1~

Table 5. Distance (A) 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

to the existence of different conformers of the residue. Other ex-
cited state processes, such as energy transfer and solvent or protein

For x, = +90
X1 +60 —60
D30 4.9372+ 0.5769 8.0895t 0.5496
E31 4.1738+ 0.4377 5.6872t 0.3167 Table 6. Bimolecular quenching constantg életermined
W32 5.0423+ 0.2192 4.3806+ 0.3496 for the middle and long lifetime of Trp32 in the GDP
D33 7.0633+ 0.2680 5.0548t 0.7320 and GDP + BeR;~ state of Y32W

For xo = —90 kg (nsTM71)
X1 +60 ~180 —60 Nucleotide GDP GDP+ BeRy™

lifetime

D30 7.9112+ 0.3297 6.2418- 0.7713 4.2802: 0.4607  guencher - s - s
E31 6.4160+ 0.1869 4.5683F 0.4951 4.7448t 0.4161
W32 4.1341+ 0.2905 5.1135t 0.3339 5.5644t 0.1790 cu?t 1,246+ 135 39+ 1 270+ 15 72+ 5
D33 3.8668+ 0.2320 7.1474f 0.5124 7.4092t 0.3209 I~ 0.53+ 0.06 0.082+ 0.004 0.43+ 0.02 0.088+ 0.006
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relaxation, can be the origin of a multi-exponential fluorescenceto lifetimes, the distance between the indole and the carbonyl
decay. Indications for these processes are negative amplitudes andrbon of the peptide backbone is calculated. The smallest distance
emission wavelength dependent lifetimes. between the CE3 atom of tryptophan and the C atom of the car-
Recently, a new model has been proposed by Hu@s@99. In bonyl carbon of the peptide backbone is found to belong to four
this model, it is assumed that electron transfer can result in thelifferent classes<4, 4.5, ~5.0, and 5.5 A(Table 4, which are
formation of an ion-pair complex with a lifetime determined by its associated to the respective lifetimes 7,, 73, and74. This as-
emission rate constant and a rate constant for return to the originaignment is based on two argumergty:the similarity between the
excited state of tryptophan. This mechanism gives rise to the apchance of populating a certain microconformation and the ampli-
pearance of two exponentials, the amplitudes of which are detettude fractions of the associated lifetime is very gddable 4;
mined in a complex way by the different rate constants involved.(2) for this particular combination of lifetimes and microconfor-
This fact allows for a diagnostic of this mechanism: changing themations, an exponential relation is obtained betwkgnwhich
lifetimes of the excited states by adding an external quencher, e.gcan be calculated from the inverse of the measured lifetime and the
acrylamide changes the ratio of the amplitudes, which would nok; obtained by Equation)3and the distance between CE3 of Trp
be the case if the amplitudes reflected populations of differentand the carbonyl carbon of the peptide bdfly. 6). This expo-
conformers(unless specific static quenching would be possible nential relation reflects the main dynamic quenching mechanism,
This analysis has been successfully applied to T4-lysozitae- which is electron transfer from atom CE3 of Trp to the carbonyl
ris & Hudson, 1990 In this single Trp protein, two lifetimes are carbon of the peptide backbof@hen et al., 1996; Antonini et al.,
observed, respectively, of 1 and 3 ns. The replacement of an amide997). Thus, this plot can be fitted by the following equation
by Ala in the immediate neighborhood of the tryptophan leads toderived for electron transfer by Marcus and Su{i®85:
a single lifetime of 5 ns. The formation of an electron transfer ion

pair with the amide can explain the quenching and the production ket(R) = koexp(—=B(R—Ryp)) (4)
of the two lifetimes, and the amplitude ratio changes indeed with
the concentration of added acrylamide. where ker(R) is the rate for electron transfekg is the rate of

We have studied W126 of the DsbA-mutant W7&Hlen etal.,  electron transfer at the van der Waals contact distéRge= 3 A),
1999. We also replaced two amides in the immediate neighborg is the range parameter that is depended on the medium. The fit
hood of W126 one by one but we observed, however, an increasggeldsk, = 25+ 3 ns't andB = 1.9+ 0.1 AL,
quenching in the absence of the amides and a reshuffling of the The error onke1(R) can be calculated from the derivative
amplitudes(Sillen et al., 1999 Moreover, the kinetics of the re-
shuffling could be estimated to be very slow. dker(R) = [ko(—B)exp(—B(R— Ry)) dR]. (5)

The question remains therefore of how to explain different life-
times when no obvious quenching groups are available in theyjih g = 1.9 anddR around 0.3 A as obtained from MD simula-
environment as is the case for W57 of NSCP. tions, the relative error oker(R) = 60%. This error is probably

As shown previouslyChen etal., 1996; Chen & Barkley, 1998  |argely overestimated because it assumes that emission from all

electron transfer to the peptide bond is also a candidate for quencly.yaiues is equally likely, which is obviously not the case. It also
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 6
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 calculat&llva & Prendergast, 1996These 4 -
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 ~ 3 -
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 ma(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- distance W(CE3)-CO

mations. Our MD results show that small changes in the backbongi . 6. The nonradiative rate constant as function of the distance between

conformation can allow other conformations to exist that are nothe CE3 atom of W57 and the C atom of the carbonyl of the peptide bond
revealed in energy maps. To associate the different conformationsf W57.

T T T T
3.5 4.0 4.5 5.0 5.5 6.0
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suggests the possibility that these distance fluctuations are at thehanges in microconformations vs. a global conformational
origin of lifetime distributions observed in the literature. change upon Bef binding to p21(Y32W)-GDP

The same approach can be employed to determine the dlffereqlhe p21-Y32W GDP bound variant has three lifetimes that do not
conformations of W32 of p21. Also, here no pronounced quench-Chan e upon BaF binding, only the amplitude fraction of the
ers are found around W32. Because W32 is largely solvent acces- ge up g, only P

sible, the solvent must be taken into account in this MD map. Tomlddle lifetime increases from 0.16 to 0.71, while the amplitude

speed up the procedure, because solvent simulations (:onsumefraCtion of the long lifetime decreases from 0.74 to O(IBaz
P P P o L ePaI., 1997a The origin of the different lifetimes in p21-Y32W of
much longer calculation time than vacuum ones, we limited th

) . . . . 32 is either the existence of different microconformations of the
starting conformations to the six possible conformations observe L ptophan itself oricinated from different chi-anales or the exis-
in free tryptophan. These MD simulations reveal five possible yptop g 9

conformations of W32 in p21. Applying Equation 4 to the distancetence of different conformations of the whole protein. At a first

between the closest peptide carbonyl carbon and CE3 of nglance, it is possible that p21 has two conformations. One pre-

ielded calculated lifetimes that were, however, very different to ominates when GDP is bound and is responsible for the long
y ' ’ y lifetime, and the other conformation dominates when GTP is bound

the measured ones. Howeve_r, I|m|t|pg the use of Equa_ltlo_n 4to onI)émd is responsible for the middle lifetime. But then the two life-
the carbonyl carbon of W32 itself yielded calculated lifetimes that ; . .
) . : times would have the same environment in both the GDP bound
where almost identical to the measured ofiEsble 7 suggesting : .
- . state and the GTP bound state, only the population of the different
that maybe not every carbonyl carbon of the peptide bond is in-

volved in the quenching. This restriction can also be applied toconformatlons would differ in both states. This is in contradiction

NSCP; if only the carbonyl carbon of W57 itself is used to deter-Wlth both the DAS_(da_lta not shown a_nd _the quench|_ng exper-
. . ments that clearly indicate that both lifetimes have different envi-
mine the parameters of Equation 4, the same parameters are sii S . )
. L . . ronments in different states. This also means that the environment
obtained. To test the validity of Equation 4, we looked in the. . . . o R
. o in itself is not responsible for the lifetimes of tryptophan. This is in
literature for data about a tryptophan where the lifetimes where . . . ! ;
4 . agreement with the idea that the peptide bond is the major quencher
measured and where the different conformations where deter- . .
for tryptophan fluorescence in proteitShen et al., 1996 If p21

mined. Te;tlng Equation 4 t.o the data for.W43 of the tet-repressogwitches from the GDP bound state to the GTP bound state, then
as determined by Antonini et a(1997 yielded an acceptable

correlation between the calculated and measured lifetiflsie 3, there is a movement of the loop containing W32 putting the W32

T ) : in a solvent exposed environment. However, since the loop moves
taking into account that the conformations of this tryptophan was L ) ; .

. as a rigid body(Diaz et al., 1997} there is no change in the
obtained by an energy map.

The question remains why only the carbonyl of tryptophan itselfrelatlve conformation of the tryptophan toward the backbone of the

. loop, resulting in the same fluorescence lifetimes. The environ-
is a quencher and not other carbonyls. The rate of electron transfer P 9

is much larger through covalent bonds than through vaciGray ment is indeed responsible for the probability of populating a
- . . . ossible conformation, in the GDP bound state the longest lifetime
& Winkler, 1996; Wierzchowski, 1997 However, if the electron P '

transfer propagates through the covalent bonds that connect trgé)mlnates and in the GTP bound state the middle lifetime domi-

. S o nates. The fact that the quenching data can be described by simple
indole with its carbonyl then there would only be one lifetime. A . . .

. S - Stern Volmer behavior with constant amplitudes proves that these
possible explanation is that for efficient electron transfer the or-

bitals involved have to be correctly orientated toward each Othegmplltudes are not kinetically determined.

(Wierzchowski, 199Y. Thus, the distance dependency of the effi- )
ciency of electron transfer reflects in fact the effect of the orien-Conclusion

tation of the bonds involved, while for through space electronThe only relevant quenchers in proteins are the disulfide bridge,
transfer the orientation is not determined by the distance. the amino acid side chains of protonated histidine, cysteine, maybe
The distribution of microconformations of a tryptophan is UG- tyrosine, and the carbonyl carbon of the peptide béwds &
gested to be largely determined by the secondary strudiicre-  Engelborghs, 1994; Chen et al., 1996; Hennecke et al., 1997; Chen
gor et al.,, 1987; Willis et al.,, 1994; Clayton & Sawyer, 1998 g Barkley, 1999. This means that the peptide bond is the only
should, therefore, be possible to predict the lifetime distribution quuencher that always influences the lifetimes of tryptophan and in
tryptophans in different secondary structures, provided the valuggyme cases it is also the only one. The different fluorescence
for x; and x, are known. 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

Table 7. Comparison between calculated and carbon atom of the peptide bond. This mechanism of quenching by
measured lifetimes (ns) electron transfer is probably the main feature determining the life-
time of tryptophan in the absence of other pronounced quenchers.
Ha-ras p2iw32) Tet repressof\W43) For an absolute proof, rigid molecules with a well-defined distance

Calculatedr Measuredr Calculatedr Measuredr and orientation might be necessary, or peptide analogs with a miss-
ing tryptophan carbonyl.

T 0.3 0.3 0.2 0.2

0.5 06 Materials and methods
T2 1.8 1.8 2 2.8

2 Materials
T3 4.3 4.9 6 6.7

IsopropylB-p-thiogalactosid¢IPTG) was obtained from Promega
(Madison, Wisconsin MgCl, and EDTA were purchased from
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Janssen Chimiod@eerse, Belgium CaC}l was obtained from Riedel Expression and purification of NSCP

de Haen(SgeIze, Germany GUHCI was obtame@ from Fluka The Escherichia colistrain BIi5 (BI21(DEJ) + pDIA17) (Chang
(Buchs, Switzerland and N-acetyltryptophanamide and EGTA i : . . .
) . . . . ; & Cohen, 1978; Studier & Moffat, 1986; Raleigh et al., 1988;
were obtained from Sigma Chemical C@&t. Louis, Missoufi. . : .
. . Munier et al., 1991 was transformed by electroporation with the
The buffer solution of NSCP was 50 mM Tris-HCI pH 7.5. The . .
- . . . pPETNSCP plasmids. Cells were then treated as described by De-
ionic strength of the solutions was always 0.2 M adjusted with . - .
. ; keyzer et al.(1994. The difference in negative charges between
KCI. The buffer of p21 contained 64 mM Tris, 50 mM HCI, 1 mM n . .
L . the C&" and the apo state of the protein was used to purify NSCP.
NaNs, 1 mM dithioerythritol (DTE), 0.6 mM EDTA, 10uM nu- ) . :
> - . In a first stage, NSCP in the presence ofCavas isolated from
cleotide(GDP), 1 mM MgCl, pH 7.2, containing different amounts . .
* . . the other cell proteins by anion exchange chromatograpBAE,
of KHF, and BeSQ, calculated using the complexing constants ) .
+2 : Fast-Flow, Pharmacia, Uppsala, Swedérhis was repeated but
for Be™® and F~ (Mesmer & Baes, 196%o obtain free concen- . S .
. _ . with adjusting to 5 mM EGTAapo conformation In a last step,
trations of Bel™ ranging from 0 to 87.7 mM. All buffer reagents o .
were of analytical grade and were obtained from either Si maNSCP was purified on a Hiload Superdex 75 prepgradé5a6
ylical 9 . ; 9M3A olumn (Pharmacia To purify the NSCP W4-170fR25D/D58R
Janssen Chimica, ICBAurora, Ohig, or Fluka. All solutions were . . . .
variant, an additional step was required before the anion exchange

filtered through a 0.22um filter (Millipore Co.) and were spec- . ; .
. S chromatography because this variant was only expressed as inclu-
troscopically pure. All the restriction endonucleases and Klenow._. ; . . . . .
. . - sion bodies. The inclusion bodies were isolated by sucrose gradient
polymerase were obtained from either New England Biol&ev-

erly, Massachusettor Boehringer MannheiniMannheim, Ger- centrifugation(Vandenbroeck et al., 1993rhey were subsequently

e . . denatured 6 M Gu-HCI in presence of 5 MM EGTA at 3C
mgpy). The DNA purification kits were from Diagen GmbH during 15 h, and renatured by dialysis against 4 L 20 mM Tris-HCI,
(Dusseldorf, Germany

pH 7.5, 2 mM Cadl. The subsequent steps in the purification
procedure were as with the other mutants except that the EGTA
Mutagenesis of NSCP step was omitted. All NSCP variants wer€99% pure as judged

by Coomassie stained SDS gels. All the variants where stored with

For expressiop of NSCP anq its mqtants, the plasmid pEF2Lh 2 mM CacCl}. The apo form was made by adding EGTA and EDTA
was usedStudier et al., 1990into which the NSCP WT or mutant to a 10mM concentration each. The Mgform was made by

genes were prepared either by polymerase chain reaction or bé(d'ustin the apo form solution to 20 mM MaCl
cassette mutagenesis in the plasmid pNDneiDékeyzer et al., J ¢ P o

1994 and subsequently transferred in the pET@2h resulting in
PETNSCP(van Riel, 1997. In this plasmid the NSCP gene is Mutagenesis and purification of p21

under control of the strong T7 promoter. Site-directed mutagenesi_?_h V32W f 021 duced and ified as d ibed
was performed according to Dekeyzer et(&P94). The following € mutant of p21 was produced and purified as describe

; ; . in Tucker et al.(1986 using aptac E. coli expression system
oligonucleotides were used: kindly donated by Prof. Dr. Alfred WittinghofefMax-Plank In-
stitut fir Molekulare Physiologie, Dormund, Germanits func-
tionality was checked by the nucleotide binding as$ayicker
et al., 1986.

GDP-bound Haas-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 meas{(Bead-
ford, 1976 using bovine serum albumin as standard.

WA4F:

5'-GGGGCATATEAGATCTTCTCGTTCAGAAAATGAAGACCTACTIC
Ndel

W170F:

5'-CCCCAAGCTACACAAGCGGGGA/GAATACTTTGTB'
Hind 111 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

F: 5-CGGCGTCTEECAACTTCCTCAG dependence of the emission monochromator and the photomulti-

plier and also by subtracting background intensities of the buffer

The mutation W57F was made by cassette mutagenesis with theelution. The cuvette holder was thermostated &(22Ihe exci-
following cassette: tation wavelength was 295 nm to ensure that the measured fluo-
rescence is only due to tryptophyl fluorescence.

R25D: B-TAGATTCGAAGTCCATBCGTGATAGCACT

D58R: R:3-GAAGTTGBCCAGACGCCGGTGAEG

5'-CGGCGTLTCGACAACTTCCTCAE
UV absorption
3-GTGGCCGCABRTCTTGAAGGTGTGCCBG

UV absorption was measured on a Uvikon Kontron 940 spectro-

which has restriction sites for Bgll and Eael. photometer. The molar absorption coefficients at 295 nm are cal-
Mutants where identified by restriction analysis and the mutatectulated by taking the ratio of the absorbance at 295 nm and at

genes were entirely sequenced using the ABI PrismTM Big Dye280 nm, multiplied by the molar absorption coefficients at 280 nm,
Terminator Cycle Sequencing Ready Reaction systarkin ElImer,  which was determined according to the method of Mach et al.
Foster City, California (1992.
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Fluorescence lifetime data Quantum yieldsvere determined relative to tryptophan in water

Fluorescence lifetime data were determined using an automateatlj‘:Cordlng to the method of Parker and REE260:

multifrequency phase fluorometer. The instrument is similar to the

one described by Lakowicz et 411985, except for the use of a f Iprot Atrp

high-gain photomultipliefHamamatsu H5023instead of a mi- Qprot = —QF, (9)
crochannel plate. The detection part is described by Vos et al. fl A P

(1997. The excitation source consists of a mode-locked titanium- Treiprot

doped sapphire lasdiSpectra Physics Tsunampumped by a

Beamlok 2080 Af-ion laser (Spectra Physics 2080 After where [ | is the integrated intensity over the wavelength region
frequency-tripling(Spectra Physics GW)J the excitation wave- 300—450 nmA is the absorbance at 295 nm, and the quantum
length is 295 nm. A single harmonic component of the excitingyield Qr, for tryptophan in water is taken as 0.(Kirby & Steiner,
light pulse train is first converted to an intermediate frequency 0f1970.

455 kHz via external cross-correlation, and further filtered and
amplified. The phase shift is measured in the low frequency do- .
main (700 H2 using a second cross-correlation step. In this Way,Decay associated spectra

fluorescence lifetime measurements are performed by measuringecay associated spectra are constructed by multiplying the inten-
the phase shift of the modulated emission at 50 frequencies rangity fraction with the intensity of the emission spectra at the re-
ing from 1.6 MHz to about 1 GHz. N-Acetyltryptophanamide spective wavelengttfRoss et al., 1981 A lognormal function
water filtered by the milliQ-systeniMillipore)) with a fluores-  (Burstein & Emelyanenko, 1996s fitted to the associated inten-
cence lifetime of 3.059 ns or p-terphenyl in cyclohexane with asities to obtain the decay associated spectra.

lifetime of 1.04 ns(Desie et al., 1986was used as a reference

fluorophore. The measured phase shiftsat a modulation fre- In2 (a—1/A)

quencyw of the exciting light are related to the fluorescence decay () = |meXP[ i In? <—1>] : (10

in the time domair (t): n"p (@=1/Am)

Here,l, = | (Ay) is the maximal fluorescence intensity;, is the
_ —t wavelength of the band maximum;= (/A — 1/A-)/(L/A; —
H(t) = Z & exp<7i> ©®) 1/Ay) is the band asymmetry parameter= 1/A, + (/A —
1/A_)p/(p? — 1) is the function limiting point;A. = 107/
(0.830 107/, + 7,070 andA_ = 107/(1.1768 107/A,, — 7,681
are the wavelength positions of half-maximal amplitudes.
The average radiative rate constant is calculated by dividing the
quantum vyield by a wavelength independent amplitude average
lifetime (Sillen & Engelborghs, 1998

whereg is the amplitude of the fluorescence signal of the com-
ponent with lifetimer;, by means of the following equatigiwe-
ber, 1981:

tand(o) = @)
ang(w) = ——
G(w) k)= (1D
27, Q;
where S(w) and G(w) are the sine and the cosine Fourier trans-
forms of I (t): Here, «; is a wavelength independent amplitude fraction and is
defined agWillis & Szabo, 1992; Sillen & Engelborghs, 1998
S(w) =3 f——
w) = S —
T 1+ 0?7 flm()\)d)\ f'oi()‘) dA
o = = = . (12
1 > | lg(A)da flo()\) da
Glw) =i ———, 8 -
=36 ®) =

The fluorescence intensity at time zeligiA) of each lifetime is
and f; the intensity contribution of the component with lifetime integrated over the wavelength region 300—450 nm and then
Ti(fi=a-7i/>ia-7i). normalized.

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 et18I89.
Measurements performed at different emission wavelengths wergo characterize the possible conformations of tryptophan, a min-
analyzed simultaneously with global analy${SLOBALS UN- imum perturbation map is calculat¢8ilva & Prendergast, 1996
LIMITED ™, University of lllinois, Urbana, Illinoi$ to increase ~ Minimum perturbation mapping of W57 was performed using the
the resolution of the lifetimes and the corresponding amplitudesCHARMM22 packagéBrooks et al., 1988 Map calculation used
(Beechem et al., 1983Phase data were fitted using the modified the all-hydrogen CHARMM22 parameter and topology file. Min-
Levenberg—Marquardt algorithtMore & Sorensen, 198&ssum-  imum perturbation map&Haydock, 1993are calculated by fixing
ing fluorescence lifetimes that are independent of the emissiothe Trp side chain at a particularn, x> point and allowing the
wavelength and a variable amplitude ratio. residues nearby Trp to conformationally relax so as to achieve an

Energy map of NSCP
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energy minimization, where all the other residues are fixed to theilFluorescence quenching of p21 with €uand I~

crystallographic coordinates. The nearby residues included resi- . .
dues 22-29 and 52—70. The minimization procedure, used at eaéhhe KI stock solution was prepared with 25 mM #8205 to

Trp dihedral point, was 100 steps by steepest descent methogrevent the formation af. The quenching of p21 with increasing

1,000 steps with a tolerance of 0.1 by the Powell method. This isafnounts of quencher was performed by adding aliquots of a stock

repeated in 10steps over the whole angular spaceyafand y. solution of KI (5 M) or CuCh (25 mM) to the cuvette containing

; . ) <. the protein after which the changes in the fluorescence lifetimes
Throughout this paperys is defined by the bond connectivity and corresponding amplitude fractions were monitored. Fluores-
N-C,-Cs-C, and y, is defined by the bond connectivity ,&;- P g amp '

C,-Cs1. These maps display areas where Trp is in an energeticallgence Ilfetlm_e as function of quenche_r concentrafighwas fitted
" y the classical Stern—\olmer equation
favored position.

1 1
- = — +k[Ql (13
Molecular dynamics of NSCP T T

All the MD calculations of NSCP were performed using wherer,(r) is the lifetime in absencépresenceof quencher.
CHARMM22 (all hydrogeng and with the molecule in vacuum.

The starting structure is the X-ray structure containing thre& Ca
ions (Vijay-Kumar & Cook, 1992 obtained from the Brookhaven
Protein Data BankBernstein et al., 19797 This structure is energy The nonradiative rate constafk,,) is calculated by following
minimized by a 2,000 step conjugate gradient minimization algo-equation:

rithm. From this energy minimized structure, the and y, angle

of Trp57 are set at the appropriate values. These structures are 1

again energy minimized with 1,000 steps. These structures are Kor = ; ke (14
warmed up to 300K in 20 ps and then equilibrated during 50 ps.

Consequently, a normal MD simulation of 50 ps was done towherek; is the radiative rate constant, which is calculated as shown
monitor the y; and y, angles of Trp57. before, andr is the fluorescence lifetime.

Calculation of the nonradiative rate constant
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