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A long lifetime component in the tryptophan fluorescence of some proteins
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Abstract. The tryptophan fluorescence of two membrane
proteins (outer membrane protein A and lactose per-
mease), a 21-residue hydrophobic peptide, three soluble
proteins (rat serum albumin, ribonuclease T, and azurin),
and N-acetyltryptophanamide (NATA) was investigated
by time-resolved measurements extended over 65 ns. A
long lifetime component with a characteristic time of 25 ns
and an amplitude below 1% was found for outer membrane
protein A, lactose permease, the peptide in lipid mem-
branes, and azurin in water, but not for rat serum albu-
min, ribonuclease T, and NATA in water. When outer
membrane protein A was dissolved and unfolded in gua-
nidinum hydrochloride, the long lifetime component dis-
appeared. Hence, a hydrophobic environment seems to be
a necessary requirement for the long lifetime component
to be present. However, NATA dissolved in butanol does
not exhibit the long lifetime component. while the peptide
dissolved in the same solvent under conditions which pre-
serve its helical structure does show the long lifetime.
Thus, a regular secondary structure for the polypetide
chain to which the tryptophan residue belongs seems to be
a second necessary requirement for the long lifetime com-
ponent to be present. The long lifetime component may
therefore be seen in the context of protein substates.
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Introduction

The amino acid tryptophan is of special interest in the study
of proteins, because it is an intrinsic fluorophore, and its
intensity is the strongest of all intrinsic fluorophores. Nu-
merous studies have been performed to characterize the
tryptophan fluorescence of proteins and the most detailed
data come from single tryptophan proteins (for a review
see Beecham and Brand 1985). The excitation and emis-
sion spectra of the tryptophan fluorescence appear to in-
volve two states, usually labeled 'L, and 'L, The 'L, state
has the larger transition moment and irradiation at 300 nm
leads almost exclusively to excitation of that state, while
the 'L, state is excited predominantly at 280 nm. When
the 'L, state is excited at 300 nm, the fluorescence light is
emitted in the range 330-360 nm. Hence, for these exci-
tation and emission wavelengths one lifetime of the tryp-
tophan fluorescence is expected and this is indeed found
in some cases, the most notable one being N-acetyltrypto-
phanamide (NATA) with a lifetime of about 3 ns (Szabo
and Rayner 1980; Wijnaendts van Resandt et al. 1980;
Robbins et al. 1980; Ross et al. 1981; Chang et al. 1983;
Petrich et al. 1983; Wagner et al. 1987; Bismuto et al.
1991; Vekshin et al. 1992). However, the amino acid tryp-
tophan already exhibits two lifetimes (at neutral pH). Com-
parative studies on dipeptides led to the proposal that the
occurrence of different lifetimes is related to the existence
of different rotamers about the C,,~Cpg bond (Petrich et al.
1983; Wagner et al. 1987).

The concept of different conformational states and,
therefore, different lifetimes is especially useful for tryp-
tophan residues in proteins. Up to 4 lifetimes have been
reported with typical values of 0.3, 3, 6, and 10 ns (for re-
centreports see Gallay et al. 1993; Godik et al. 1993). This
heterogeneity has been interpreted in terms of conforma-
tional substates in proteins (Ansari et al. 1985). The het-
erogeneity has even been extended to cover a distribution
of lifetimes around each mean lifetime (Alcala et al.
1987 a). Another interpretation has been given by neglect-
ing different substates and instead invoking different
mechanisms of energy transfer in one state (Bajzer and
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Prendergast 1993). The concept of substates, however,
gains more and more support, both from experiment and
from computer simulations. Different substates may actu-
ally exist and different mechanisms of energy transfer and
quenching in some of them may give rise to different life-
times.

The detection of substates with different lifetimes by
fluorescence depends on two requirements: (i) the fluores-
cence must be sensitive to differences in the conformation
of the substates, and (ii) the fluorescence lifetime must be
shorter than the lifetimes of the substates (Alcala et al.
1987b). When the fluorescence lifetime is much longer
than the lifetimes of the substates, the fluorescence signal
is an average over the set of substates and a mean fluores-
cence lifetime is observed. Hence, the observation of a
long fluorescence lifetime indicates the existence of a
long-lived substate.

As mentioned already, the tryptophan fluorescence of
proteins seems to be sensitive to protein conformation and
lifetimes up to 10 ns have been detected, indicating the ex-
istence of substates with lifetime of at least 10 ns. How-
ever, substates with longer lifetimes are thought to exist
in proteins. This raises the question of whether or not it is
possible to detect longer lifetimes and thus demonstrate
the existence of longer-lived substates. In this paper, we
report on the detection of a long lifetime component in the
tryptophan fluorescence of some proteins. The lifetime is
about 25 ns and the proteins studied are two membrane
proteins (outer membrane protein A (OmpA) and lactose
permease (LP) of Escherichia coli), a hydrophobic pep-
tide of 21 residues (P21), and three soluble proteins (rat
serum albumin (RSA), ribonuclease T; (RNAse T,), and
azurin). For comparison, NATA was included in the study.

Materials and methods
Materials

RSA, Azurin, NATA, and para-terphenyl (PTP) were ob-
tained from Sigma (Miinchen, Germany), phenanthrene
was from Serva (Miinchen, Germany), all other chemicals
were from Merck (Darmstadt, Germany). The lipids pal-
mitoyloleoylphosphatidylethanolamine (POPE), palmi-
toyloleoylphosphatidylcholine (POPC), and palmitoyl-
oleoylphosphatidylglycerol (POPG) were purchased from
Avanti (Alabaster, AL).

P21 was a gift from W. Beck and G. Jung (University
of Tiibingen, Germany) and was synthesized as described
previously (Voges et al. 1987). Its sequence is H-(Ala-Aib-
Ala-Aib-Ala);-Trp-(Ala-Aib-Ala-Aib-Ala)-O-Me  with
Aib denoting aminoisobutyric acid. RNAse T, was a gift
from S. Walter and F.X. Schmid (University of Bayreuth,
Germany).

Sample preparation

The samples of OmpA were prepared from a stock solu-
tion of OmpA (1 mM) which was obtained as described
previously (Surrey and Jahnig 1992). OmpA in guanidin-

ium hydrochloride (GdHCI) was prepared by diluting the
stock solution into 6 M GdHCI, 20 mm potassium phos-
phate, pH 7.3, to a final concentration of 5 um OmpA.

The sample of OmpA in lipid was prepared by a pro-
cedure which represents a slight modification of the one
described previously (Surrey and Jihnig 1992) and in-
creases the percentage of OmpA being refolded to 95%.
In brief, refolding in micelles of the detergent octylgluco-
side at pH 10 was followed by conventional reconstitution
into vesicles of a mixture of 80% POPC and 20% POPG.
Final concentrations were 10 mM potassium phosphate,
pH 7.4, 100 mM NaCl, and 5 uM OmpA at a lipid/protein
mole ratio of 500. Subsequent extrusion through nuclepore
filters resulted in vesicles with a mean diameter of 80 nm.
The vesicle radius was determined by quasi-elastic light
scattering (Coulter N4/SD).

The sample of LP in lipid was prepared as described
previously (Dornmair and Jdhnig 1989), except that the
lipid used for reconstitution was a mixture of 80% POPE
and 20% POPG, and the buffer was the same as above. Af-
ter extrusion through nuclepore filters, the mean vesicle
size was determined as 100 nm. The final concentration of
LP was 1 umM, and the lipid/protein mole ratio was 1000.

The sample of P21 in butanol was prepared from a stock
solution of P21 in methanol (100 mMm) and dilution to a fi-
nal concentration of 30 M in water-saturated butanol. The
sample of P21 in lipid was prepared from the same stock
solution of P21 and the above mixture of 80% POPE and
20% POPG, using the same buffer as above. The solution
was tip-sonicated until a homogeneous distribution of ves-
icles with a mean radius of 100 nm was reached. The fi-
nal concentration of P21 was 30 uM, and the lipid/peptide
mole ratio was 100.

The samples of RSA, RNAse T, and azurin were pre-
pared by dissolving the proteins in water to final concen-
trations of 20 uM (for RSA and RNAse) or 10 um (for
azurin). In the case of RSA, the aqueous solution contained
10 mm Na,SO, and was buffered at pH 7.2 by 100 mM so-
dium phosphate, in the case of RNAse T, it contained no
salt and was buffered at pH 5.5 by 100 mM sodium ace-
tate, and in the case of azurin it contained 150 mm NaCl
and was buffered at pH 7.4 by 50 mm sodium phosphate.

The samples of NATA were prepared from stock solu-
tions of NATA in methanol (100 mm) and dilution to a fi-
nal concentration of 50 uM in the different solvents. The
aqueous solution was buffered at pH 7.0 by 1 mMm Tris.

For each sample, a background control was prepared in
exactly the same way by omitting the fluorescent sub-
stance.

Fluorescence measurements

The apparatus used has been described previously (Best
et al. 1987; John and Jihnig 1988). As light source a mode-
locked YAG-laser and a cavity-dumped dye laser (Spec-
tra Physics) with rhodamine 6 G as dye was used. The fi-
nal pulse repetition rate was 4.1 MHz. The wavelength of
the excitation light was 300 nm and its intensity could be
varied by means of two polarizers of which the first is ro-
tatable and the second is fixed such that the polarization



of the excitation light is perpendicular to the scattering
plane. The fluorescence light was observed at right angles
to the excitation light. It passed through a prism polarizer
to select polarizations parallel and perpendicular to the in-
itial polarization providing the intensities i,(t) and i,(t).
Thereafter, it passed through a long-pass filter (Schott,
model WG345/4) and a monochromator (Kratos, mo-
del 1500) set at 360 nm, and was detected by a photomul-
tiplier tube (Philips, model XP2020Q) followed by single-
photon counting electronics (EG & G). To avoid pulse pile-
up, the count rate was kept below 1% of the pulse repeti-
tion rate (O’Connor and Phillips 1984) and routinely was
at 4 - 10* counts/s. This was achieved by adjusting the in-
tensity of the excitation light individually for each sample
by rotating the first polarizer in the path of the excitation
light. In the multichannel analyzer, data were collected un-
til typically 107 counts in the channel of maximal inten-
sity were reached. The time window was usually set at
about 65 ns by choosing a time-to-channel ratio of
131.6 ps/chfor 512 channels. A typical measurement took
about 12 h, requiring a high stability of the laser system.
The temperature was kept constant at 22 °C.

The long sampling time gave rise to a new complica-
tion. Owing to the high number of counts in the first half
of the channels, the signal-to-noise ratio there increased
and oscillations appeared. They have been described pre-
viously and originate from crosstalk in the discriminator
circuits and methods to eliminate them have been proposed
(Holtom 1990; Small 1991). Unfortunately, these methods
did not work in our hands so that we had to develop an-
other strategy. We measured roomlight in the time-re-
solved mode, i.e. the laser pulse provided the start signal
and roomlight the stop signal (or vice versa). Since there
is no correlation between these two signals, a constant
number of counts in time is expected. If, however, the dis-
criminator circuits give rise to oscillations, they are de-
tected at high enough numbers of counts. In this way, a
correction factor for each channel could be derived and the
measured curves be corrected.

The background controls for the samples were meas-
ured and corrected in the same way and their intensities
i®,(t) and i® (t) subtracted from those of the samples i%(t)
and i% (t) yielding the polarized fluorescence intensities as
i,()=i%,()-" (1) and i, (t)=i° ()—i®(t). The time courses
of these intensities reflect (i) the time course of the excit-
ing laser light, (ii) the decay of the polarized fluorescence
intensities, and (iii) the characteristics of the detection
system. To extract the decay of the polarized fluorescence
intensities (ii), the effects of (i) and (iii) have to be elim-
inated by deconvolution of i;(t) and i, (t) with the appara-
tus response function. Since the experimental determina-
tion of the response function poses problems, it was
avoided by employing a fluorescence standard with a strict
mono-exponential decay (Wahl et al. 1974; Libertini and
Small 1984). We used PTP in cyclohexane with a lifetime
of 1g=0.99 ns (Wijnaendts van Resandt et al. 1982).

The time courses of the deconvoluted polarized fluo-
rescence intensities again represent a superposition of two
effects: (a) the decay of the total fluorescence intensity,
and (b) the orientational motion of the fluorophore. In prin-
ciple, the decay of the total fluorescence intensity can be
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obtained from a single measurement with the polarizer set
at the magic angle of 54.7°. However, our measurements
were performed routinely at the two angles of 0 ° for par-
allel polarization and 90 ° for perpendicular polarization.
In this case, the total fluorescence intensity is obtained as
s(t)=1,()+2pi (1), with B denoting a correction factor for
the polarization dependence of the monochromator, and
the anisotropy is obtained as r(t) =1,,(t)-i (1) s(t). The cor-
rection factor f=1.06 was determined by performing
measurements on the fluorophore phenanthrene with a
lifetime of about 15 ns in cyclohexane and requiring that
its anisotropy at long times vanishes.

The data were analyzed by assuming a multi-expo-
nential decay for the total fluorescence intensity,
S(t)=Z a; exp (-t/1;), and for the anisotropy a multi-expo-
nential decay with a residual anisotropy at long times,
R(t) =2 b; exp (--t/¢;)+R... The components of the polar-
ized fluorescence then follow as I;;(t) =[S(t)+2R(t))/3 and
I, () =[S()-R(t)]/3B. These quantities were convoluted
with the apparatus response function (more exactly its re-
placement by the fluorescence standard), and a nonlinear
least-square fit to the experimental data for i,(t) and i, (t)
was performed by varying a;, T;, b;, ¢;, and R_.. Visual in-
spection of the residuals and a y>-test were taken as crite-
ria for the best fit. We always started with a mono-expo-
nential curve for the total fluorescence and then included
stepwise more lifetimes until no further lifetime was re-
solved, i.e. one lifetime appeared twice.

Some remarks on the presentation of the data are nec-
essary. (i) Only the decay of the total fluorescence inten-
sity given by the sum s(t) is plotted and discussed, the an-
isotropy is not considered. (ii) Presentation of s(t) implies
that the background has already been subtracted. (iii) The
curves for s(t) level off at long times. The residual fluo-
rescence intensity at long times is caused by residual la-
ser light which appears owing to incomplete suppression
of the laser light at long times and which gives rise to new
excitations of the fluorescence. Since the residual light is
distributed homogeneously in time, the residual fluores-
cence is detected in the same way as the steady-state flu-
orescence and is proportional to it. (iv) The experimental
data on s(t) for different samples presented in one figure
were normalized to equal sampling times which under the
condition of a constant count rate implies a constant total
number of counts or constant area under the curves for s(t).
This is equivalent to a constant steady-state intensity,
hence, the data are presented under the condition of a con-
stant steady-state intensity. In this case, the residual fluo-
rescence at long times being proportional to the steady-
state fluorescence is the same for different samples.

Control measurements and control evaluations

Control measurements for the total fluorescence intensity
were carried out by performing measurements on LP in
lipid with the polarizer set at the magic angle of 54.7°.
They led to the same result as the determination by mea-
surements of 1;(t) and i,(t). This indicates that the value
of the correction factor § has been determined correctly.
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As a further control, measurements on LP in lipid were
repeated using the same sample. If the existence of a long
lifetime resulted from destruction of tryptophan by laser
light and the appearance of a photo product, the effect
would be additive in two consecutive measurements and
the amplitude of the long lifetime component should in-
crease by a factor of two in the second measurement. This
was not observed and, therefore, we exclude the possibil-
ity that the long lifetime component arises from a photo
product.

A series of control measurements and evaluations were
carried out on NATA in water to investigate the depen-
dence of the result for the fluorescence decay parameters
on various parameters such as (1) the emission wavelength
Aemy (ii) the time window T, (iii) the time-to-channel ra-
tio s, and (iv) the assumed lifetime tq of the fluorescence
standard. The quantities A, and T are experimental pa-
rameters and control measurements at different A, and T
had to be performed, while s and Tg are parameters in the
data analysis and require control evaluations using differ-
ent values of s and tg. As demonstrated by the data in Ta-
ble 1, a variation of the emission wavelength A, between
340 nm and 360 nm leaves the decay parameters essen-
tially unaffected. The time-to-channel ratio s also leaves
the mean lifetime () unchanged, but affects the weak sec-
ond lifetime component. The lifetime g of the fluores-
cence standard has a minor effect on (1), but a strong ef-
fect on the two lifetime components. Measured values of
the lifetime of PTP are 0.95 ns (Berlman 1971), 0.97 ns

(John and Jahnig 1988), and 0.99 ns (Wijnaendts van Re-
sandt et al. 1982). Based on the data of Table 1, we con-
sider the values T4 =0.99 ns to be the most reliable one and
will use it here.

The time window T is of special relevance for our pur-
poses. Figure 1 shows the results for a time window of
20 ns. A mono-exponential fit of the data yields a lifetime
of 2.97 ns. When a second lifetime is permitted in the fit,
a long lifetime of 16 ns with a small amplitude of 0.1% is
obtained. The determination of a lifetime of 16 ns within
a time window of 20 ns and with an intensity of about 10°
counts at the maximum, however, is not very reliable.
Therefore, we repeated this measurement with a time win-
dow of 65 ns and an intensity of about 10° counts at the
maximum. As shown in Fig. 2, the measured intensity de-
creases over about 40 ns and then levels off. This leveling
off may be caused by (i) a background fluorescence, (ii) a
long lifetime component, or (iii) new excitations of the flu-
orescence due to incomplete suppression of the laser light
after the pulse. The background fluorescence has already
been subtracted from the data, so that it can not be respon-
sible for the leveling off. Assuming a mono-exponential
decay a good fit is obtained with a lifetime of 2.96 ns.
When a second lifetime is permitted in the fit, a single
liefetime of 2.96 ns is still obtained. Hence, the fluores-
cence decay of NATA in water is mono-exponential and
the leveling off is caused by new excitations of the fluo-
rescence. The lifetime results as 2.96 ns and thus lies
within the spread of the data from the literature (Table 1).

Table 1. Influence of the excitation wavelength A, the emission wavelength A_;,, the time/channel ratio s, the lifetime T of the fluores-
cence standard, and the time window T on the lifetimes and amplitudes (in brackets) of NATA in water. For comparison, data from the lit-

erature are included

>"ex xem s Ts T 4 T <T> Xz

(nm) (nm) (ns) (ps/ch) (ns) (ns) (ns) (ns)

300 360 42.022 0.99 20 2.94 9.87 2.96 1.47
(0.997) (0.003)

300 340 42.02 0.99 20 2.93 9.80 2.95 1.97
(0.997) (0.003)

300 360 41.842 0.99 20 2.94 16.18 2.95 1.49
(0.999) (0.001)

300 360 42.02 0.97 20 2.75 3.74 2.92 1.56
(0.83) (0.17)

300 360 131.6 0.99 65 2.96 16.18" 2.96 1.47
(1.000) (<5x107%)

295°¢ 355 87 35 3.00 3.00

2954 340 37 0.99 25 3.05 3.05

205¢ >320 scatt? 12.5 2.95 2.95

280 330 43 scatt 20 3.00 3.00

280¢ 350 12 25 0.50 3.10 3.02
(0.03) (0.97)

2 The difference between the two values of 42.02 and 41.84 ps/ch for the ratios corresponds to an uncertainty of one channel in the deter-

mination of s and, therefore, respresents an upper limit for the error in s

" The lifetimes T, and 1, were kept constant and the amplitude of T, was decreased until the calculated curve in Fig. 2a came to lie within

the scattering of the data

¢ Data from Ross et al. (1981)

4 Data from Wijnaendts van Resandt et al. (1982)
¢ Data from Petrich et al. (1983)

T Data from Szabo and Rayner (1980)

& Data from Vekshin et al. (1992)

' Scattering of light was used to determine the apparatus response function
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Fig. 1 A-C. Temporal decay in a time window of 20 ns of the flu-
orescence of NATA in water. A The experimental data are shown
(dots) together with those for the fluorescence standard PTP (dots,
lower curve), normalized to equal sampling times. Included are the
best fits by a mono-exponential (——) and a double-exponential
(- - -) curve after convolution with the apparatus response function.
B, C The residuals of the best fits by a mono-exponential B and a
double-exponential C curve are also shown

If the previous second lifetime of 16 ns with an ampli-
tude of 0.1% is included in the calculated decay curve, the
curve at long times deviates strongly from the experimen-
tal data, as shown in Fig. 2. To come within the scatter of
the experimental data, the amplitude of the long lifetime
component would have to be smaller than 5 - 107. If the
second lifetime is assumed to be 25 ns, as will be found
for several proteins, the amplitude would have to be be-
low 107 to be compatible with the experimental data of
Fig. 2. Hence, the fluorescence of NATA in water is mono-
exponential within the limit of 107> for the amplitude of a
25 ns lifetime component.

The 7 values obtained by us for the measurements on
NATA are comparable to those found in the literature (Ta-
ble 1). For the measurements on proteins with a long life-
time component of the Trp fluorescence and therefore
higher numbers of counts at the maximum, the %* values
were larger. The reason for that lies in the oscillations of
the measured intensities due to crosstalk in the discrimi-
nator circuits as discussed above and non-perfect correc-
tion for them.
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Fig. 2 A, B. Temporal decay in a time window of 65 ns of the flu-
orescence of NATA in water. A The experimental data are shown
(dots) together with those for the fluorescence standard PTP (dots,
lower curve), normalized to equal sampling times. Included are the
best fit by a mono-exponential curve (—) and a double-exponen-
tial curve (- - -) with t; as obtained from the mono-exponential fit
and T, =16.18 ns with an amplitude of 0.001, both after convolution
with the apparatus response function. B The residuals of the best fit
by a mono-exponential curve are also shown

The data might have been fitted by distributions of life-
times (Alcala et al. 1987 a). This would have led to some
spreading of the individual lifetime components, but not
to qualitatively different results.

Results
Outer membrane protein A

OmpA is a protein of the outer membrane of Escherichia
coli. Its membrane-incorporated part contains a high de-
gree of 3-structure and presumably forms a B-barrel (Vogel
and Jihnig 1986). OmpA has 5 Trp residues which accord-
ing to structure predictions are all located on membrane-
spanning -strands. It was investigated because it can eas-
ily be unfolded in GdHCI and refolded into lipid mem-
branes (Surrey and Jihnig 1992). Measurements were per-
formed on OmpA either dissolved and unfolded in GdHC1
or reconstituted in lipid vesicles of 80% POPC and 20%
POPG.

The results of the time-resolved measurements of the
Trp fluorescence of OmpA in the unfolded and folded form
are shown in Fig. 3. The experimental data are presented
together with the fits by multi-exponential curves after
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Fig. 3 A-D. Temporal decay of the tryptophan fluorescence of
OmpA dissolved and unfolded in 6 M GdHCI, OmpA reconstituted
in lipid vesicles of 80% POPC and 20% POPG, and LP reconstitut-
ed in lipid vesicles of 80% POPE and 20% POPG. A The experimen-
tal data (dots) for the three cases are shown, all normalized to equal
sampling times. Included are the best fits by multi-exponential curves
after convolution with the apparatus response function (/ines). B, C
Residuals of the two fits with 4 B and 5 C lifetime components for
the case of OmpA reconstituted in lipid vesicles. They lead to %% val-
ues of 11.71 B and 7.02 C. D Multi-exponential decay curves of the
fluorescence for the two cases of OmpA unfolded in GdHCI and re-
constituted in lipid vesicles as determined by the fits, without con-
volution with the apparatus response function

convolution with the apparatus response function. The de-
cay is more rapid for the unfolded than for the folded form.
In both cases, the intensity starts from a maximum of about
107 counts, decreases rather monotonically over an ex-
tended period of time, and then levels off. This leveling
off may be caused by new excitations of the fluorescence
due to incomplete suppression of the laser light after the
pulse or by a long lifetime component of the fluorescence
decay. A careful analysis of the data shows that for un-
folded OmpA the leveling off is caused by new excitations
of the fluorescence, while for folded OmpA a long life-
time component is responsible.

The numerical results of the analysis in terms of multi-
exponential decays are listed in Table 2. For unfolded
OmpA, the best fits were obtained with 4 exponentials, the
values of the 4 lifetimes being typical for proteins. It has
been shown that unfolded proteins exhibit rather uniform
fluorescence decay characteristics with two lifetimes of
about 1.3 and 3.7 ns (Grinvald and Steinberg 1976). Our
result for unfolded OmpA fits into this scheme, if the short-
est and longest lifetimes are neglected. They may not have
been resolved in the earlier studies. For folded OmpA, a
fit with 4 exponentials leads to residuals with smooth
oscillations at longer times (Fig. 3B) and a value of
x*>=11.71. Such oscillations are indicative of a hidden ex-
ponential, and a fit with 5 exponentials indeed improves
the residuals (Fig. 3C) and the % value decreases to 7.02.
The fifth lifetime has a value of 25 ns with an amplitude
of 0.2%. The error in both quantities is about 10%. The
multi-exponential decay curves of the tryptophan fluores-
cence of folded and unfolded OmpA are compared in
Fig. 3D. Although of small amplitude, the long lifetime
component dominates the fluorescence of folded OmpA
in lipids at long times.

Lactose permease

LP is also a membrane protein of Escherichia coli and was
investigated only in the folded form, reconstituted in lipid
vesicles of 80% POPE and 20% POPG. According to the
best structural data available, LP is folded in 12 mem-
brane-spanning helices and the 6 Trp residues are all lo-
cated on membrane-spanning helices (Kaback et al. 1990).

The experimental data for reconstituted LP are included
in Fig. 3 A. The intensity behaves in a similar way as for
folded OmpA, it first decreases monotonically and then
levels off. The analysis of the data shows that the leveling
off is again caused by a long lifetime component.

The numerical result of the analysis in terms of multi-
exponential decays is included in Table 2. Again the best
fit was obtained for 5 exponentials. The long lifetime has
a value of 30 ns with an amplitude of 0.1%.

Peptide P21

P21 is a hydrophobic peptide and is therefore insoluble in
water. In an apolar environment, it forms an o-helix with
the single Trp residue close to the C-terminal end. When
incorporated in lipid membranes, the helix spans the bi-
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Table 2. Fluorescence lifetimes T; and relative amplitudes a; (in brackets) of different proteins and NATA in different environments

Sample T T T, T, s (1) x>
(ns) (ns) (ns) (ns) (ns) (ns)

OmpA in

GdHCI 0.1 1.5 3.0 5.0 1.3 7.53
(0.47) (0.25) (0.25) (0.03)

lipid 0.4 1.7 3.6 6.0 25.4 3.9 7.02
(0.08) (0.15) (0.45) (0.32) (0.002)

LP in

lipid 0.6 2.6 5.0 7.0 303 4.0 6.82
(0.17) (0.23) (0.44) (0.16) (0.001)

P21 in

lipid 0.5 L5 3.1 5.4 26.7 1.9 4.11
(0.32) (0.33) (0.25) (0.09) (0.001)

butanol 02 1.7 44 6.3 23.6 4.7 2.26
(0.01) (0.20) (0.33) (0.45) (0.002)

NATA in

water 3.0 3.0 1.47

butanol 35 35 2.46

GdHClI 2.8 2.8 2.23

GdHC1?* 0.01 2.98 295
(0.01) (0.99)

RSA in

water 0.2 2.7 6.5 9.5 5.1 8.35
(0.22) (0.14) (0.46) (0.18)

water” 03 2.2 5.8 9.8 3.8
(0.33) (0.16) (0.39) (0.11)

RNAse T, in

water 1.7 3.9 4.9 3.8 5.48

(0.08) (0.88) (0.04)
water© 1.8 37 34 1.49
(0.17) (0.83)

Azurin in .

water 0.5 1.2 35 6.5 23.0 1.3 7.92
(0.60) (0.22) (0.14) (0.05) (0.001)

water ¢ 0.2 4.8 1.2
(0.79) (0.21)

# Data from Bismuto et al. (1991) for NATA in 6 M GdHCI, 0.1 M sodium phosphate, pH 7

® Data from Gentin et al. (1990) for RSA in buffer, A, =300 nm, A,,,>360 nm

¢ Data from MacKerell et al. (1987) for RNAse T, in buffer at 40 °C, A, =300 nm, A.,,=380 nm

? cm

4 Data from Szabo et al. (1983) for azurin in buffer at pH 5.3, A, =290 nm, A, =345 nm

layer (Voges et al. 1987; Vogel et al. 1988). P21 was in-
vestigated in the folded form, either dissolved in butanol
or incorporated in lipid vesicles.

The experimental data for P21 in butanol and in lipid
vesicles are shown in Fig. 4. The decay is faster for P21
incorporated in lipid vesicles than dissolved in butanol.
The analysis of the data shows that in both cases the lev-
eling off is caused by a long lifetime component.

The numerical results of the analysis are included in
Table 2. In both cases, the data are fitted best by 5 expo-
nentials. The 4 short lifetimes and the long lifetime of
25 ns are comparable to those of OmpA and LP in lipid
vesicles. The amplitude of the long lifetime is also in the
same range of 0.1%—-0.2%.

NATA

NATA is soluble in solvents of different polarity and was
investigated in water, butanol, and GdHCI. The experi-

mental data for NATA in water were presented and dis-
cussed under Materials and Methods, the data for NATA
in butanol are included in Fig. 4. In all cases, the intensity
decay is mono-exponential, a long lifetime component is
absent. This is rather obvious from a comparison of the
curves for NATA and P21 in butanol (Fig. 4).

The numerical results of the data analysis are included
in Table2. The fluorescence of NATA has a lifetime of
3.0 ns in water, 3.5 ns in butanol, and 2.8 ns in GAHC!. For
the latter case, roughly the same result was found by Bis-
muto et al. (1991).

Rat serum albumin

RSA is a soluble protein and contains a single Trp residue,
but its structure is not available. RSA was included in our
studies as a control, since time-resolved fluorescence
measurements on RSA have been reported recently by
Gentin et al. (1990). The fluorescence decay shown in
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Fig. 4. Temporal decay of the tryptophan fluorescence of peptide
P21 incorporated in lipid vesicles of 80% POPE and 20% POPG,
and dissolved in butanol. For comparison, the data of NATA in
butanol are included. The experimental data normalized to equal
sampling times are shown (dots), together with the fits by multi-ex-
ponential curves after convolution with the apparatus response func-
tion (lines)
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Fig. 5. Temporal decay of the tryptophan fluorescence of RSA,
RNAse Ty, and azurin in water. The experimental data normalized
to equal sampling times are shown (dots), together with the fits by
multi-exponential curves after convolution with the apparatus re-
sponse function (/ines)

Fig. 5 is roughly mono-exponential, even at long times,
because the level of the fluorescence due to new excita-
tions at long times (as seen for RNAse T, in Fig. 5) has
not yet been reached. Hence, a long lifetime component is
absent in this case.

The numerical result of the data analysis is included in
Table 2. Four lifetimes are sufficient to fit the data, the

longest being 9.5 ns. The values for the lifetimes and their
amplitudes are in rough agreement with the results of Gen-
tin et al. (1990), the deviations summing up to about 25%
in the mean lifetime (Table 2).

Ribonuclease T,

RNAse T, is again a soluble protein with one Trp residue,
but its structure is known from X-ray diffraction (Heine-
mann and Saenger 1982). The Trp residue is located in the
cleft forming the nucleotide binding site. The fluorescence
decay of RNAse T, is included in Fig. 5 and shows a rather
mono-exponential behaviour, the leveling off at long times
being caused by new excitations of the fluorescence.
Hence, a long lifetime component is absent also in this
case.

The numerical results of the data analysis are included
in Table 2. Three lifetime components are sufficient to fit
the data, the two fast ones of 1.7 ns and 3.9 ns providing
96% of the intensity. This result is in good agreement with
the finding of MacKerell et al. (1987) (Table 2).

Azurin

Azurin is again a soluble protein with one Trp residue
whose structure has been determined by X-ray diffraction
(Adman et al. 1978). The Trp residue is located in the cen-
ter of a P-barrel. The fluorescence decay is included in
Fig. 5 and does not exhibit mono-exponential behaviour.
The detailed analysis of the data reveals that the leveling
off at long times is no longer caused by new excitations of
the fluorescence, but by a long lifetime component.

The numerical results of the data analysis are included
in Table 2. Five lifetime components are required to fit the
data, the long lifetime being 23 ns. The shorter lifetimes
are in rough agreement with the earlier finding of Szabo
et al. (1983) (Table 2).

Discussion

In 5 of the 11 cases investigated, the tryptophan fluores-
cence exhibited a long lifetime component between 23 ns
and 30 ns. These 5 cases are OmpA and LP in lipid vesi-
cles, peptide P21 in lipid vesicles and in butanol, and az-
urin in water. The 6 other cases, where no long lifetime
component was found, are OmpA unfolded in GdHCI,
NATA in 3 different solvents including butanol, as well as
RSA and RNAse T, in water. These findings raise the ob-
vious question: Is there a rule behind the occurrence of the
long lifetime component and if so, what does this rule tell
us about protein substates?

We first try to draw some conclusions from a compar-
ison of the results for the two membrane proteins, the pep-
tide, and NATA. The long lifetime occurred for OmpA and
LP in lipid membranes as well as for the peptide in lipid
membranes or butanol, but not for OmpA dissolved in
GdHCI. Hence, as a first guess one might think of a hy-
drophobic environment around the tryptophan residues be-



ing necessary for the long lifetime component. Then, how-
ever, the long lifetime should also be found for NATA in
butanol. This was not the case and, therefore, hydropho-
bicity is a necessary but not a sufficient condition for the
long lifetime component to occur.

Attempting to deduce a further condition for the occur-
rence of the long lifetime, one may compare the peptide
in butanol with NATA in butanol. For the peptide, the long
lifetime occurred, for NATA not. The solvent was the same
in both cases, but in the case of the peptide the tryptophan
residue is part of a large molecule, while in the case of
NATA it is isolated. Hence, one may conclude that attach-
ment to a large molecule is necessary for the long lifetime.
The case of OmpA in GdHCI, where the long lifetime did
not occur, does not contradict this rule, because in this case
the environment is not hydrophobic, and hydrophobicity
was already recognized as a necessary condition. So we
come to the conclusion that a hydrophobic environment
and incorporation in a polypeptide chain are necessary for
the long lifetime to occur.

This conclusion can be made more precise, when tak-
ing into account the rules which have been established for
the structure of polypeptide chains in a hydrophobic envi-
ronment, especially for membrane proteins (Kyte and
Doolittle 1982; Eisenberg et al. 1986; Jihnig 1990). In a
hydrophobic environment such as a lipid membrane, poly-
peptide chains must fold into an ordered structure, ei-
ther an o-helix or a B-barrel, in order to saturate the hy-
drogen bonds of the backbone atoms. All available experi-
mental data are consistent with this postulate. The above
conditions for a long lifetime to occur may then be ex-
pressed in the following more precise manner: A long life-
time occurs when the tryptophan residue is in a hydro-
phobic environment and participates in an o-helix or a
B-strand. Our results are consistent with this rule, since in
the case of peptide P21 and LP the tryptophan residues
participate in o-helices and in the case of folded OmpA
they participate in B-strands. Previously, a long lifetime
component has been observed for a synthetic analogue of
melittin, but not for melittin (John and Jdhnig 1988, 1992),
and this difference may be explained along the same lines.

How do the results for soluble proteins fit into this rule?
For RSA, structural data are not available, but for RNAse
T, and azurin the structures are known (Heinemann and
Saenger 1982; Adman et al. 1978). They reveal that the
single tryptophan residues in both cases are located inside
the proteins and participate in B-strands. Assuming that
the interior of soluble proteins is hydrophobic, one would
predict that a long lifetime component exists in both cases.
However, while azurin exhibits a long lifetime, RNAse T,
does not. Obviously, the question is how hydrophobic is
the interior of soluble proteins. An indicator for that may
be provided by the emission wavelength A, of the tryp-
tophan fluorescence. For azurin, A, =308 nm indicates a
very hydrophobic environment of the tryptophan residue,
while A, =325 for RNAse T, nm is indicative of a weaker
local hydrophobicity. The conclusion would be that for a
long lifetime to occur a sufficiently strong hydrophobic-
ity around the tryptophan residue is required. Actually, hy-
drophobicity may be considered in this case as a measure
for the inaccessibility of the tryptophan residue to oxygen
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acting as a quencher. The tryptophan residue in azurin
would then be less accessible to oxygen than in RNAse T,
and the condition of a sufficiently hydrophobic environ-
ment for the long lifetime to occur would actually mean
that the tryptophan residue is sufficiently inaccessible to
oxygen. Further studies are required to put this hypothe-
sis on a firm basis.

The requirement of an ordered structure for the long
lifetime to occur may have some bearing on protein sub-
states. As discussed in the Introduction, the occurrence of
a long fluorescence lifetime requires the existence of sub-
states with lifetimes at least as long. Our finding of a long
lifetime of 25 ns for tryptophan residues participating in
o-helices and B-barrels would thus indicate that o-helices
or B-barrels have substates with lifetimes longer than
25 ns, while disordered structures would not have such
long-lived substates. This seems conceivable since a con-
formational change of an ordered structure involves dis-
placements of many atoms and, therefore, occurs rarely so
that the protein remains in a given substate for a relatively
long time. Within this scheme, the population of the long-
lived substates of o-helices and B-barrels would be pro-
portional to the amplitude of the long lifetime component
and, thus, be very low.

The lifetimes of substates may be investigated directly
by time-resolved fluorescence anisotropy measurements.
The long lifetime component of the Trp fluorescence opens
the way to extend such measurements to longer times than
has been possible hitherto. Anisotropy measurements have
always been hampered by the short lifetime of the Trp flu-
orescence. The amplitude of the long lifetime component
is very small, 0.1-0.2%, and at first sight may seem neg-
ligible. The point is that at sufficiently long times the long
lifetime component becomes the dominant component in
the fluorescence intensity. At about 40 ns, the intensity of
the long lifetime component already equals the intensity
of the sum of the short component, and at 65 ns it is an or-
der of magnitude larger. Therefore, the long lifetime may
be useful for measurements over such long times. In the
past, such measurements have been performed using ex-
trinsic labels with long lifetimes (Dornmair and Jéhnig
1989). With such labels, however, there is always the dan-
ger that they do not accurately reflect the dynamics of the
unlabeled protein, and measurements using intrinsic Trp
fluorescence are therefore preferable.
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