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Correlating Protein Structure and Protein Fluorescence

Yves Engelborghs1

INTRODUCTION replaced tryptophan in the presence of the others. Com-
paring with the individual tryptophan allows to identify
the effect of the other tryptophan residues via conforma-The ultimate goal of a time-resolved fluorescence
tion or via energy transfer.study of a protein is the quantitative description of the

pathway of the excited state energy dissipation and trans-
fer within the protein, and the explanation of each path-

ANALYSIS OF ENERGY TRANSFER AMONGway in terms of the structure and the dynamics of the
TRYPTOPHAN RESIDUES VIA QUANTUMprotein. This has been partially possible for a number of
YIELDSproteins, such as barnase [1–3] and DsbA [4–6] and

many others. The same is true for the spectral properties.
Energy transfer among tryptophan residues can beAlthough the rational way is to start with single trypto-

bidirectional, such as in Barnase [1–3], and in this casephan containing proteins, the study of multitryptophan
the kinetics are governed by the equations derived byproteins has contributed a lot to the current insight and
Porter [10] and Woolley et al. [11]. These equations showis very often more interesting. A crucial contribution is
that when mutual energy transfer is occurring betweencoming from site directed mutagenesis and consists in
two tryptophan residues, the measured lifetimes can bethe production and the characterisation of single-Trp con-
calculated from the lifetimes observed for the individualtaining mutants by replacing all but one of the tryptophan
tryptophan residues and from the rate constants for energyresidues by phenylalanine (preferably) or by tyrosine
transfer. However, with multiple tryptophan residues anddepending on the exposure. Generally this can be done
multiple lifetimes, the situation becomes soon too com-without harming the protein’s structure and function too
plex to be dealt with in this way. Therefore the analysismuch. In the absence of any energy transfer among the
of quantum yields is much more simple. We made antryptophan-residues and any conformational effect of the
extensive analysis of energy transfer among the four tryp-mutations, the fluorescence properties (e.g., the amplitude
tophan residues in PAI (plasminogen activator inhibitor)average lifetime and the quantum yield) of the multitryp-
on the basis of the quantum yield [12]. Important is alsotophan protein can be calculated by averaging the data for
to take into account the proper extinction coefficientsthe individual tryptophan-mutants. Additivity has been
when combining the quantum yields.observed for a number of proteins, e.g., colicin [7], actin

[8], and DNA-binding protein [9]. Lack of additivity is
an indication for the possibility of energy transfer among

ANALYSIS OF SINGLE TRYPTOPHANthe tryptophan residues, conformational effects, and/or
RESIDUESthe variation of the extinction coefficients of individual

tryptophan residues.
The remaining task then consists in the explaining

Replacing one tryptophan and subtracting the quan-
of the observed lifetimes in terms of the structure and the

tum yield of the mutant (WxyF) from that of the WT
dynamics of the immediate environment of the individual

allows the characterisation of the quantum yield of the
residues. In a previous review we have extensively dis-
cussed this matter [13] and here we elaborate on some
new information. A thorough analysis of the properties1 To whom correspondence should be addressed. Laboratory of Biomo-
of a single tryptophan in a protein starts with its spec-lecular Dynamics, University of Leuven, Celestijnenlaan 200D, B3001
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Statistical Analysis of the Spectral Properties of of quasi-continuous lifetime distributions of different
shape. At neutral pH the emission decay is characterizedSingle Tryptophan Residues
by two components: a long-lived component centered at

Although one would expect that the dynamic polariz- 7.4 ns, and a short one at 2.7 ns, irrespective of the decay
ability of the environment of a fluorophore which is scheme used for the interpretation of the experimental
responsible for the Stokes shift [14] would be able to results. The effects of an irreversible inhibitor (cyclophel-
produce a continuous shift of lmax, it has been suggested, litol) and that of the denaturant guanidinium hydrochlo-
already some time ago, that the fluorescence emission ride (GdHCl) on the dynamics of the protein have been
spectrum of a protein can be decomposed into a limited investigated by observing the changes induced in the
number of discrete classes of tryptophan residues [15,16]. two components of the tryptophan emission decay. The
The fitting of the emission spectrum to log-normal func- addition of cyclophellitol to native b-glycosidase reduces
tion has allowed to isolate different components [17]. the contribution of the short-lived component but does
These components can be limited to five types going from not affect the long-lived one: Increasing concentrations
extremely isolated tryptophans (like the one in Azurin) to of GdHCl differently affect the contributions of the two
fully exposed ones. An extensive statistical proof of the emission components. Higher concentrations were
discreteness of the tryptophan classes has been made [18]. required to unfold the molecular regions containing the
A detailed characterization of the environment of the long-lived components. These results indicate that the
tryptophan in each class was made in terms of hydrogen long-lived contribution arises from tryptophan residues
bonding, solvent accessibility, packing density, relative deeply buried in the interior of the protein matrix, whereas
polarity, temperature factor, and dynamic accessibility. the short-lived one includes residues located in less rigid
The assignment of log-normal components to individual and more solvent accessible regions, some of which are
tryptophans belonging to multitryptophan proteins was located in functionally important parts of the protein.
done on the general interpretation of the Stokes shift The knowledge of the crystallographic structure of b-
implying that tryptophan residues that are more accessible glycosidase allowed the evaluation of some average
emit at longer wavelengths. The whole analysis was parameters for the microenvironment of each tryptophan
applied to more than 300 log-normal spectra [19]. This such as hydrophobicity, structural flexibility, and ability
work is an important achievement in the characterization of side chains to act as fluorescence quenchers. These
of the environment of each tryptophan and the linkage results permitted to divide the tryptophan fluorescence of
to the spectral properties. So far, the same database has b-glycosidase in the contribution of two emitting clusters:
not been used to extract correlations between fluorescence one consisting of eight closely positioned tryptophan resi-
lifetimes and the different classes of tryptophan residues. dues (i.e. Trp 33, 36, 60, 84, 151 174, 425, and 433)

The method has demonstrated its applicability by responsible for the long-lived emission component and
identifying the tryptophan residues that are responsible the other cluster, composed of nine tryptophan residues
for the increase of the protein fluorescence of myosin S1 nearer to the subunit surface (i.e., Trp 12, 156, 192, 287,
on ATP binding [20]. 288, 316, 361, 376, 455) associated to the short-lived

We observed that the decay-associated spectra of a emission component. Finally, the examination of the tryp-
single tryptophan residue can be described very nicely tophan emission decay of the mesophilic b-glycosidase
by the log-normal representation, and we now use it as from Escherichia coli and its temperature dependence
a standard fitting procedure [21]. Our interpretation is indicated that the environments of the tryptophan residues
that multiple species of a single tryptophan exist and of the mesophilic enzyme are homogeneous as a conse-
eventually probe a different environment and therefore quence of much more pronounced protein dynamics.
can be linked to a different log-normal component. A molecular dynamics simulation approach has been

utilized to understand the bimodal distribution of the
lifetims of this protein [24]. From the examination ofStatistical Analysis of the Lifetimes of Single
the trajectories of the side chains capable of causingTryptophan Residues
intramolecular quenching for each tryptophan microenvi-
ronment and using a modified Stern-Volmer model forThe tryptophan emission decay of b-glycosidase

from the extremophilic archaeon Sulfolobus solfataricus the process of fluorescence quenching, the authors calcu-
lated the fluorescence lifetime for each tryptophan residuehas been investigated by frequency domain fluorometry.

This protein is tetrameric and has 17 tryptophan residues at two different temperatures, i.e., 300 and 365 K. The
highest temperature was chosen because in this conditionfor each monomer [22,23]. The data were analyzed in

terms of sums of discrete lifetimes as well as in terms the protein shows a maximum in its catalytic activity and
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is stable for a very long time. The calculated lifetime sometimes lower values are obtained. This could be due
to the fact that experimental values for kr are calculateddistributions overlap those experimentally determined.

The tryptophan lifetimes appear to be a complex function from Q/^t& where Q could be underestimated due to static
quenching, or ^t& could be overestimated due to the pres-of several variables, such as microenvironment viscosity,

solvent accessibility, the chemical structure of quencher ence of extremely short lifetimes that are too fast to be
detected [28,29].side chains, and side-chain dynamics. The results of this

study are certainly very interesting, but as in the case of A variability comes also from the shape of the
absorption spectrum. Although a statistical study of thethe spectral properties, one spectrum and one lifetime for

each tryptophan is more often the exception than the rule. absorption coefficient in a set of 30 proteins [30] showed
that the molar extinction coefficient for Trp at 280 nm
is 5540 M21 cm21, the extinction coefficient at 295 can
differ considerably, indicating a change in the shape ofEXCITED STATE PROCESSES
the absorption spectrum (or a different ratio of the contri-
bution from 1La and 1Lb transitions). We measured theThe different excited state processes that can take
extinction coefficients at 295 nm of three individual tryp-place in a protein and in solution are summarized by
tophan residues in the protein barnase [2] and of fourChen and Barkley [25]. They can be considered as parallel
tryptophan residues in mutants of PAI [12] and thesepathways. Therefore (in the absence of fluorescence
results clearly support the variability of ε at 295 nm.energy transfer) the global rate constant (the inverse of

the lifetime) can be described as a sum of the different
rate constants, as has been worked out by Chen and Quenchers of Tryptophan Fluorescence in a Protein
Barkley [25]:

By determining the kq in solution many side chains
1/t 5 kr 1 kisc 1 ksol 1 Skqi (1) of amino acids were identified as efficient quenchers

[25]. The best known are disulfide bridges, thiols, and
where kr is the radiative rate constant, kisc is the rate protonated histidine residues. Although Arg was not
constant for intersystem crossing, ksol for solvent quench- found to be a solution quencher of tryptophan [25], a
ing, and kqi for quenching by quenchers either present warning was given in the same paper that proximity and/
in solution or in the protein itself, using a variety of or local polarity may change the quenching ability. Sev-
mechanisms i.e. proton and electron transfer. The differ- eral examples exist that support this statement. In
ent values for these rate constants are discussed in great CRABP1 [31] Arg is shown to be an efficient quencher.
detail [13,25]. Replacing that residue causes a substantial increase of

the fluorescence intensity of the protein. However, no
lifetime study was made. Inspection of the structure withThe Radiative Rate Constant
Rasmol shows that the guanidium moiety points into the

The value of kr is fundamentally defined by the aromatic ring. In the calcium-binding protein of Nereis
absorption and the emission band of a fluorescent group diversicolor (NSCP) Trp57 is strongly quenched in the
as expressed in the relation proposed by Strickler and calcium-bound state [32]. Here again an Arg residue is
Berg [26]. Using the log-normal representation of a tryp- very close. However, a full lifetime study reveals that
tophan emission spectrum and this fundamental relation Arg does not shorten any lifetime but changes the balance
we were able to construct a simple relation between the of the microstates. Inspection of the structure in Rasmol
radiative rate constant (kr) and lmax: indicates that the guanidinium moiety in this case is not

in contact with the Trp side chain but makes a salt bridgekr 5 20.1138 1 54.0104/lmax (ns21), with lmax in nm
close to the peptide backbone of Trp57. Also interactions
with aromatic residues can lead to considerable quench-This relation is a simplification of a previously deter-

mined polynomial [21] that turned out to be very instable, ing [33].
i.e., very sensitive to the exact numerical values of the
factors. The foundation for this relation is described by

Electron Transfer to the Peptide Backbone
Sillen et al. [21] and has been further extensively elabo-
rated by Tuszynski et al. [27]. (Unfortunately the minus Apart from the possibility of having a quencher in

the immediate neighborhood of a tryptophan residue, thesign of the constant term is missing in the equation of
that paper.) This equation accounts for a variation of kr ultimate mechanism that could be responsible for the

presence of different lifetimes is the mechanism of elec-between 0.054 (320 nm) and 0.036 (360 nm). However,
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tron transfer to the peptide backbone [25], a mechanism different electron transfer rates and if interconversion of
rotamers is slower than the nanosecond time scale.that would be different for the different rotamers. The

difficulty with this mechanism is that although it has been
studied extensively in theory [34–37], it is very difficult

TRYPTOPHAN MICROSTATESto prove experimentally. The same is true for the existence
of tryptophan rotamers. A very convincing study was

In this review, I limit myself to the study of trypto-done on conformationally restricted cyclic peptides con-
phan residues for which the time resolved fluorescencetaining one tryptophan residue for which the conforma-
can be described by discrete lifetimes or discrete lifetimetion was determined by 1D and 2D 1H-NMR. One
distributions (i.e., fitting the fluorescence decay at differ-conformation for the peptide backbone was found, but
ent wavelengths gives the same lifetimes but differentthree rotamers of tryptophan were determined and linked
amplitudes). Tryptohan dynamics and excited state reac-to the three observed lifetimes by the similarity of the
tions can also lead to multiple lifetimes, as has beenamplitudes of the lifetimes and the populations of the
reviewed before [13]. The discrete lifetimes consideredrotamers. The existence of the different lifetimes for the
must be due to the presence of microstates in the grounddifferent rotamers was explained on the basis of electron
state, i.e., rotamers of Trp or alternative conformationstransfer to the peptide bond [38]. The mechanism of
of the side chains of other residues in the immediateelectron transfer from the indole to the peptide bond
neighborhood.carbonyl is extensively elaborated by Ababou and Bom-

The link between multiexponential decay and thebarda [39] and applied to 12 lifetimes obtained from 5
presence of rotamers about the Ca2Cb bond was madedifferent proteins.
for Tyr by Gauduchon and Wahl [44] and for tryptophanStrong convincing evidence for electron transfer
by Szabo and Rainer [45]. The importance of rotationsfrom the excited state is the recent observation of the
around the Cb2Cg bond in the amino acid tryptophanreduction of SS bridges that are found in the immediate
have been suggested by Engh et al. [46] becauseenvironment of a Trp. The first example is present in the
according to their molecular dynamics calculationsprotein Cutinase from Fusarium solani pisi [40–42]. The
Ca2Cb rotamers interconvert rapidly, while rotationsfluorescence of the single Trp69 is highly quenched in
about the Cb2Cg are much more infrequent. In proteinsthe native protein. This quenching is due to the presence
one might expect that all these rotations are even moreof a nearby disulfide bridge between Cys31 and Cys109
hindered. Nevertheless anisotropy studies in a variety of

and disrupting the disulfide bridge with DDT leads to a
proteins yield rotational correlation times between 0.03

strong increase of the protein fluorescence just as in Dsba
and 50 ns [47,48] indicating that no extrapolation from

[4–6]. Very surprisingly, however, the quantum yield
one protein to the other can be made. On top of that, X-

increases about tenfold upon extensive UV irradiation of
ray structure analysis usually gives only one rotamer

the protein. This effect of UV-irradiation is also due to position for each tryptophan in a protein. The possibility
the breaking of the disulfide bridge. The formation of a to populate more than one rotamer which slowly intercon-
thiol can be demonstrated by thiol reagents like DTNB. vert is therefore not easy to prove. A correlation between
The fact that the fluorescence increases proves that the the presence of different lifetimes and different rotamers
tryptophan is not itself irreversibly oxidized in the by 1H-NMR data was done in oxytocin for Tyr [49] and
process. for Trp [50]. The results for Trp are surprising in the

The fluorescence properties of Trp69 are also influ- sense that the authors conclude that Ca2Cb rotations are
enced by an aromatic-amide hydrogen bond between the more relevant than Cb2Cg rotations, in contrast to what
indole side chain of Trp69 and the peptide amide from is expected from the molecular dynamics calculations
Ala32, but NMR studies show that this hydrogen bond mentioned before [46]. Also for cyclic enkephalin ana-
remains intact in the irradiated protein and cannot explain logues containing a single tryptophan, the lifetimes were
the observed effects. Oxidation of two disulfide bridges correlated with theoretical conformational calculations
was also observed in the protein goat-alfa-lactalbumine [51].
[43]. Here again the formation of one thiol per disulfide The existence of different rotamers of tryptophan
bridge is observed and in this case the formation of a in different proteins present in the databases have been
thioether linkage between Cys73 and Trp60 can be dem- studied by several authors [52–54]. McGregor et al. [55]
onstrated. show a link with the secondary structure and the absence

Electron transfer can explain multiple lifetimes for of g1 in the helical conformation due to steric clashes
(see Fig. 1 in Ref. 13 for the definition of the rotamera single tryptophan residue if the different rotamers show
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angles, and note that in the literature many different defi- presence of the inhibitor acetyl pepstatin, the fluorescence
data can be fitted as well with a single lifetime as withnitions are used. In this manuscript we always refer to

Fig. 1). Schrauber et al. (1993) [56] show by a statistical a double, but a single kq (1.78 3 109 M21s21) is now
observed and no interconversions are present in the MDanalysis of the data of 70 polypeptide chains that many

deviations of the six standard rotamers occur in native simulations, showing only one rotameric state.
DsbA is probably the only protein where the rate ofproteins.

The existence of multiple discrete rotamers for a interconversion between two rotamers of Trp has been
inferred from a study of the reaction with NBS [4–6].single tryptophan in a protein is a more difficult matter

to prove. Crystal structures never show the existence of The process is rather slow in a mutant protein where
more space was made available to the Trp.Trp-rotamers. Yet evidence of conformational heteroge-

neity was obtained in the time-resolved fluorescence If the existence of rotamers is not easy to prove, the
correlation between Trp-rotamers and their lifetime isdecay measurements of the individual protein crystals of

erabutoxin b [57]. NMR data are generally not available even more problematic. The most convincing indication
for the existence of several microstates of a single Trpor also do not give indications for rotamers. This is, for

example, the case for the single Trp in the mutant F102W seems to be the existence of rather different kq values for
collisional solution quenchers, that can be correlated toof Carp Parvalbumin where two lifetimes are observed

but only one rotamer exist in solution as determined by different exposure of different microstates (rotamers of
Trp or alterations in its immediate environment). TheseNMR [58]. The absence of evidence for rotamers for a

single tryptophan in these NMR studies clearly indicate situations are not so frequently encountered but do occur.
Colicin [7] is one example and others exist. We havethat other explanations have to be found for the existence

of the different lifetimes in these cases. Up to now the explored the existence of tryptophan-rotamers with a new
computational method and linked the lifetime to thenumber of cases studied is, however, too small to exclude

the existence of rotamers in other proteins. MD simula- rotamer via the correlation between exposure and kq val-
ues. In this way we were able to collect much more datations are often used to “demonstrate” the existence of

rotamers. This is, for example, the case for the HIV- than before [21] and have more reasonable values for
our parameters:protease. The fluorescence of the two-tryptophan protein

HIV-protease was characterized by lifetime analysis,
kET (R) 5 k0 exp(2b(R 2 R0))acrylamide quenching and molecular dynamics simula-

tions [59]. The protein forms a dimer and two tryptophan- where kET is the rate constant for electron transfer to the
residues are present in each monomer (Trp6 and Trp42). peptide carbonyl, k0 the rate constant at Van der Waals
Two lifetimes are observed (19.2% of 2.7 ns and 80.8% contact R0 (assumed to be 0.3 nm) and b expresses the
of 5.7 ns) and a different kq value for acrylamide quench- exponential decay of the rate constant with distance. In
ing is associated with each of them (6.85 3 109 M21s21

our new data set we found k0 5 5 ns21 and b 5 1.5
is associated with the short lifetime and 1.88 3 109

nm21 from a collection of 26 data points. Already in the
M21s21 with the long lifetime. A 500-ps molecular analysis of the fluorescence of HIV-1 integrase a similar
dynamics simulation of the dimer shows a few transitions low value of k0 (3.7 ns21) was necessary to fit the time
between two different rotameric states for Trp42 (in resolved fluorescence [60]. This equation is, however, a
monomer B) with one of them exposed to the quencher pragmatic description because it has to be elaborated for
Tyr59 and therefore responsible for the short lifetime, electron transfer through bond and through space and for
and the other rotamer not in contact with a quencher and orientational effects.
responsible for the longer lifetime. Trp6 does not show
any transitions between rotameric states and is supposed
not to contribute to the fluorescence and have a subnano-

MEMBRANE-BOUND a-HELICES AS Asecond lifetime but the exact origin of this quenching is
SOURCE OF INFORMATION ABOUTnot identified. The MD-simulations show a few transi-
TRYPTOPHAN ROTAMERStions in the rotameric states (both x1 and x2) of Trp42

in 500 ps trajectory indicating that the lifetimes of the
rotameric states are subnanosecond, and that the observed Clayton and Sawyer [61,62] studied 5 different pep-

tides of 18 amino acids long, which are able to form anfluorescence lifetimes might be the solutions of two cou-
pled differential equations between emission rate con- amphipathic a-helix in the presence of lipid vesicles, but

are unstructured in the absence. In the absence of vesiclesstants and interconversion rate constants similar to the
equations used for mutual energy transfer [10,11]. In the the time dependence is tri-modal and the amplitude frac-
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tions correlate nicely with the fractions of occurrence of of the individual tryptophan residues assuming pure addi-
tivity [65]. This indicates that there are no interactionsthe different rotamers observed in the statistical study of

the protein databank of McGregor et al. [56] resp. g2, between the two Trp-residues, neither directly by energy
transfer, nor indirectly by conformational effects. Theg1 and t rotamers. Again a coupling with the secondary

structure is observed, since for Trp in helices only a observations in Penetratin, where the amplitude of the
long lifetime component is strongly reduced (to a fewbimodal distribution of Trp- positions is found: t and

g2 and also the fluorescence lifetimes show only two percent) and all the lifetimes are reduced, do not corre-
spond with the life time effects observed by Clayton andlifetimes. In the helix structure, g1 does not occur. (Note

that in their paper these authors use the opposite definition Sawyer [61,62]. In 100% TFE, the mean lifetimes of the
tryptophan residues in the WT-, W48F-, and the W56F-of g1 and g2). These results follow the same line as

the evidence for constraints imposed by the secondary Penetratin also decreased but less than two-fold instead
of four- to seven-fold upon interaction with the negativelystructure on the rotamer collection of tryptophan shown

by Willis et al. [63]. However, since the relative ampli- charged lipid vesicles. The 3Pro variant also showed a
two-fold reduction of its lifetime when dissoved in 100%tudes are wavelength dependent this correlation fits at

their emission wavelength of 335 but may not necessarily TFE, although this peptide does not form an alpha-helix
structure. These results indicate that the conformationalfit at other wavelengths. A review of the possibilities of

fluorescence studies for membrane binding is given by change of the peptide backbone from random to a-helix
is not the major factor in the tryptophan quenching. There-Clayton and Sawyer [64].

Another example of a peptide with membrane bind- fore other factors determining the lifetimes are proba-
bly involved.ing properties is Penetratin, a 16-amino acid peptide,

derived from the homeodomain of Antennapedia, a Dro- The fluorescence intensity decrease might be due to
quenching of the tryptophan indole moiety by side chainssophila transcription factor. This peptide is very interest-

ing because it can be used as a vector for the intracellular of the basic residues present in the Penetratin peptides
[25]. A conformational change, upon lipid binding of thedelivery of peptides or oligonucleotides. To study the

relative importance of the Trp residues in the WT-Pene- peptide with the negatively charged vesicles might bring
one or more lysines close to the Trp48 and 56 residues.tratin peptide two analogues, the W48F and the W56F

variant peptides were synthesized. A decrease in quantum A similar quenching of Trp158 by Lys165 in the extracel-
lular domain of Human Tissue Factor (sTF) was observedyield and a blue shift of the maximal emission wavelength

were observed by intrinsic tryptophan fluorescence emis- by Hasselbacher et al. [66]. The arginine residues of the
Penetratin peptides might also contribute to tryptophansion upon interaction of the three peptides with negatively

charged phosphatidylserine [65]. The W56F-Penetratin quenching [31,32]. Tryptophan quenching could also be
induced by interaction with the PS headgroup.shows a larger blue shift than the W48F-Penetratin upon

binding to vesicles containing 20% phosphatidylserine. An extensive time resolved fluorescence study has
been performed on the calcium-induced binding ofNo change in Trp fluorescence was observed after interac-

tion with phosphatidylcholine. Upon binding to nega- annexins to membranes [67,68] correlating tryptophan
fluorescence to membrane binding and structure.tively charged phospholipids, the Trp mean lifetime

decreased for the three peptides, and the Trp residues
were shielded for acrylamide and iodide quenching. CD
measurements indicated that the three peptides are ran- THE FUTURE
dom in buffer, and become a-helical upon association
with negatively charged mixed PC/PS vesicles, but not We can imagine that the day will come that fluores-

cence measurements help to model a protein from itswith PC vesicles. These data show that WT-Penetratin
and the two analogues interact with negatively charged primary structure. Such an attempt was made by Bosch

et al. [69]. The primary structure of the 142 residue Gloss-phospholipids, and that this is accompanied by a confor-
mational change from random to a-helical structure. oscolex paulistus d-chain hemoglobin was determined

and Tryptophan was found to occupy positions 15, 33,The lifetime data for the Penetratin peptides in ran-
dom conformation correspond fairly well with the life- and 129. Homology modeling allowed the authors to

assign the positions of these Trp residues relative to thetimes and amplitude fractions observed by Clayton and
Sawyer [61,62]. The three lifetimes are attributed to the heme and its environment. The reference coordinates of

the indole rings for W15 and W129 were 1.68 and 1.85classical three rotamers of chil (Ca2Cb). It should be
noted that the average lifetime of the lipid free WT- nm, respectively, from the geometric center of the heme,

and W33 was located in close proximity to the hemePenetratin can be calculated from the average lifetimes
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