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ABSTRACT: We have identified the steady-state and time-resolved fluorescence of the three tryptophan
residues (Trp-86, Trp-130, and Trp-140) of the pore-forming domain of colicin A using site-directed
mutagenesis in order to construct two- and one-tryptophan-containing mutant proteins. Fluorescence
lifetimes were measured via multifrequency phase fluorometry. The fluorescence of the pore-forming
domain of colicin A is dominated by Trp-140 which contributes almost 53% to the fluorescence intensity.
Mutation of Trp-140 results in a decrease in fluorescence quantum yield and average lifetime. Colicin A
wild-type and all mutant proteins display multiple lifetimes which belong to three different lifetime
classes: 0.38—0.57 ns for 1;, 1.6—1.87 ns for 1,, and 3.6—4.41 ns for 73 at pH 5. At pH 7, the three
classes are 0.64—0.89 ns for 71, 2.01—2.19 ns for 7,, and 4.23—4.94 ns for 75. This pH effect influences
all the lifetimes and must be attributed to a general conformational change. In wild-type colicin A, 73
originates mainly from Trp-140 while Trp-86 and Trp-130 both provide a major contribution to 7. The
pH dependence of the fluorescence intensity gives rise to a pK, of 5.2. The different lifetime components
of two of the three single-tryptophan-containing mutants show different quenching properties toward
acrylamide, indicating that each lifetime is coupled to a different microenvironment. The linear combination
of the lifetimes of the single tryptophans into pairs simulates very well the behavior of the two-tryptophan-
containing mutants except for one, the mutant containing Trp-86 and Trp-130. The lifetimes of the wild-
type protein can only be obtained by the linear combination of the lifetimes from the mutant containing
the tryptophan pair Trp-86/Trp-130 and the mutant containing Trp-140. Mutual energy transfer between
Trp-86 and Trp-130 is assumed to be the explanation of this deviation since the mutant proteins display
no structural or dynamic aberrances. The calculated energy transfer efficiency amounts to 65% for energy
transfer from Trp-86 to Trp-130 and 21% for the reverse transfer and is in agreement with our

measurements.

Fluorescence spectroscopy is a very powerful technique
to monitor conformational changes in proteins. In particular,
tryptophan residues are suitable intrinsic probes because of
the sensitivity of the tryptophan fluorescence to the location
and interactions within the protein. The assignment of the
fluorescence properties (quantum yield, wavelength of
fluorescence emission maximum, fluorescence lifetime) to
an individual tryptophan residue is necessary for the inter-
pretation of the observed fluorescence signals at a molecular
level. The individual tryptophan fluorescence characteristics
in multi-tryptophan-containing proteins can be resolved using
site-directed mutagenesis to construct single-tryptophan-
containing variants. However, tryptophan residues generally
exhibit multiexponential fluorescence decays even in single-
tryptophan-containing proteins (Beechem & Brand, 1985;
Eftink, 1991). Only in a few studies of the time-resolved
fluorescence of proteins and their single-tryptophan mutants
is one lifetime found for one tryptophan, and the lifetimes

*This work is supported by the Centre National de la Recherche
Scientifique (France) and by the Belgian National Fund for Scientific
Research. R. V. is a research assistant of this fund.

* Author to whom correspondence should be addressed.

® Abstract published in Advance ACS Abstracts, Januvary 15, 1995.

0006-2960/95/0434-1734$09.00/0

can be unambiguously assigned to the individual tryptophans
(Waldman et al., 1987; Willaert et al., 1992; Shen, 1993).
In most cases, the fluorescence decay of such complicated
systems cannot be resolved into different constituting
components. When there are no interactions between the
different tryptophan residues, the fluorescence decay of a
multi-tryptophan protein can be represented as a linear
combination of the individual emitting tryptophans (Royer
et al., 1990; Axelsen et al., 1991; Fetler et al., 1992), and
the measured decay is the weighted average of the individual
decay components. This hypothesis is not valid when there
are differences in structure and dynamic behavior of the
mutant proteins (Royer, 1992) and/or Forster energy transfer
interactions between the tryptophans (Willaert et al., 1992).

In the present study, the fluorescence properties of the
C-terminal domain of colicin A are determined. Colicin A
is a soluble bacteriotoxin produced in the cytoplasm of
Escherichia coli cells and then released to the extracellular
medium. During the different steps of its mode of action,
colicin A binds to a specific receptor located in the outer
membrane of sensitive bacteria and then translocates across
the membranes and finally inserts in the inner membrane to
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FIGURE 1: Ribbon representation of the pore-forming domain of
colicin A based on the X-ray structure (Parker e? al., 1990, 1992)
with the three tryptophan residues at positions 86, 130, and 140.

form voltage-gated ion channels (Baty et al., 1990). Its 21
kDa C-terminal domain (204 amino acids) has the pore-
forming activity in artificial membranes (Martinez et al.,
1983) and can be obtained by thermolytic digestion of colicin
A purified from the extracellular medium (Tucker et al.,
1989). The three-dimensional structure of this soluble
fragment has been obtained at 2.4 A resolution (Parker et
al., 1990, 1992). The molecule consists of a bundle of 10
a-helices which are organized in three layers containing a
hydrophobic helical hairpin buried within the protein.

The pore-forming domain of colicin A contains three
tryptophan residues at positions 86, 130, and 140 which are
localized in the hydrophobic pocket formed by helices 3—7
(see Figure 1). With the aim to determine the steady-state
and time-resolved fluorescence characteristics of the different
tryptophans separately, we used site-directed mutagenesis to
construct two- and one-tryptophan-containing mutants by
replacing selectively the tryptophans of this pore-forming
domain by groups with negligible contribution to the
fluorescence. The quantum yields and fluorescence emission
maxima of each mutant were determined. Fluorescence
lifetimes were measured via multifrequency phase fluoro-
metry. Acrylamide quenching was used to probe the
accessibility of each lifetime component to the solvent. The
linear combination hypothesis—can the fluorescence decay
of the whole protein be described by a simple combination
of the emission of the two- and one-tryptophan-containing
mutants?—was tested, and the partial failure of this hypo-
thesis is discussed. Therefore, Forster energy transfer
between the different tryptophans was calculated and com-
pared with the experimental data.

MATERIALS AND METHODS

Bacterial Strains and Media. The E. coli K-12 bacterial
host strain W3110 and plasmid pColA9 have been described
(Lloubes et al., 1986). The W3110 strain containing the
various mutated plasmids was grown in LB medium. To
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purify the colicins, E. coli W3110 was grown at 37 °C to an
A650 of 0.5 (5.10—8 cells/mL) in LB medium and induced
5 h with 300 ng/mL mitomycin C (MTC).

DNA Manipulation. Mutations introducing sequences
recognized by restriction enzymes were obtained by site-
directed mutagenesis as previously described (Baty et al.,
1987). Twenty oligonucleotides were used to introduce 23
unique restriction sites in the sequence coding for the
C-terminal domain of colicin A (Duché et al., 1994). The
38 mutated base pairs did not affect the expression nor the
amino acid sequence of colicin A. All mutants were obtained
by the insertion of paired oligonucleotides between restriction
sites and were sequenced (manuscript in preparation).
Oligonucleotides introduced TTC or TTG ftriplets in place
of the initial triplets to code for Phe and Leu, respectively.
The multiple mutants were obtained by fragment exchanges
using relevant restriction sites.

Protein Purification. Five hours after induction, the
culture supernatant which contained the colicin A mutant
was precipitated by the addition of ammonium sulfate to 55%
of saturation. The precipitate was solubilized with 10 mM
phosphate buffer (pH 6.8) and dialyzed overnight against
the same buffer. The colicin A wild-type and mutants were
purified by a first step using an S Sepharose fast flow gel
equilibrated with phosphate buffer and by a second step using
a Mono S column (Pharmacia Biotech SA) equilibrated with
20 mM Mes (pH 5.5). The purified colicin was dialyzed
against 20 mM Tris-HCI (pH 8.0) and treated with thermo-
lysine as previously described (Tucker et al., 1989). The
hydrolysate was applied to a Superose 12 prep grade HR
16/50 column (Pharmacia Biotech SA) equilibrated with 20
mM Tris-HCI (pH 8.0). The fractions containing the colicin
A thermolytic fragment were dialyzed against 50 mM
ammonium bicarbonate and lyophilized before use.

Activity of Colicin A Mutants. In vivo activity of colicins
was determined by measuring the changes of the K*
concentration in the external medium with a K*—valinomy-
cin-selective electrode as previously described (Bourdineaud
etal., 1990). E. coli cells from the W3110 strain were grown
at 37 °C to an A650 of 0.5 (5 x 108 cells/mL) in 2.3BT
medium (5 g of bactotryptone, 8 g of nutrient broth, and 5
g of NaCl per liter, 10 mM Tris-HCI, pH 7.2, 1 mM CaCly).
The cells were washed and resuspended in 100 mM sodium
phosphate buffer (pH 7.2) and kept on ice at a density of 5
x 1010 cells/mL. They were used within the 2 h following
their preparation as sensitive cells to measure the in vivo
activity of the purified colicin. To increase the intracellular
potassium concentration above 400 nmol/mg of dry weight,
the cells were diluted (2 x 10° cells/mL) with 100 mM
sodium phosphate buffer, pH 7.2, containing glucose (0.2%,
w/v) and 0.5 mM KCl and incubated for 5 min at 37 °C.
Colicins were added to the E. coli cells at a multiplicity
(number of colicins per cell) of 400.

Sample Preparation. The lyophilized thermolytic frag-
ment was dissolved in pH 5 buffer (50 mM Tris-acetate, 7.5
mM EDTA, 7.5 mM EGTA, 3 mM NaNj). At pH 7, we
used a 10 mM HEPES, 3 mM NaNj; buffer with NaOH. The
buffer solutions used at the other different pH values were
a NaOAc/HOAc buffer for the region pH 4—5.5, a KH,-
PO4/NaOH buffer for the region 6—8.5, and a Na,BsOr10H,0O/
HCI buffer in the region 8—9. The ionic strength was 0.1
M with additional NaCl. All solutions were filtered before
use through a 0.22 um pore diameter filter (Millipore Co.)
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to remove undissolved protein particles. The extinction
coefficients of the wild-type and the different mutants were
determined by the method of Gill and von Hippel (1989).
For the wild-type, the extinction coefficient amounted to
23800 M~! cm™!. For the double-tryptophan-containing
mutants, the extinction coefficients were 12 600 M~! cm™!
for W86F, 15500 M™! cm™~! for W130F, and 16 500 for
WI140L/K113F. For the single-tryptophan-containing mu-
tants, the coefficients were 9450 M~! cm™! for W130F/
W140L/K113F, 8200 M~! cm™! for W86F/W140L/K113F,
and 7300 M~! cm™! for W86F/W130F at 280 nm. The
concentration of the protein was never more than 40 uM to
avoid aggregation.

Spectroscopic Measurements. Steady-state fluorescence
spectra were obtained on a SPEX spectrofluorimeter (Fluo-
rolog 1691). The excitation wavelength was 295 nm to
minimize the contribution of tyrosyl residues to the total
fluorescence. Spectra were taken with a 2 mm slit width
for emission and an excitation monochromator with a
wavelength resolution of 3.6 nm. The spectra were corrected
for the wavelength dependence of the emission monochro-
mator and the photomultiplier and also by substracting
background intensities of the buffer solution.

The quantum yields were determined relative to tryptophan
in water according to the method of Parker and Rees (1960)

_ f Lot Aqgp

prot A Trp
f ITrp prot

where fI is the integrated intensity over the wavelength
region 300—450 nm, A is the absorbance at 295 nm, and
the quantum yield, Qry, for Trp in H,O is taken as 0.14
(Chen, 1967).

Fluorescence Lifetime Measurements. Fluorescence life-
times were measured using multifrequency phase fluorometry
(Lakowicz et al., 1985). The measured phase shifts, ¢, at a
modulation frequency, w, of the exciting light are related to
the fluorescence decay in the time domain 1(¢),

Q 1

I = 2,- a; exp(%t) )

where g; is the amplitude of the fluorescence signal of the
component with lifetime 7;, by means of the following
equations (Weber, 1981):

S
tan ¢(w) = % 3)

where S(w) and G(w) are the sine and cosine Fourier
transforms of I(¢)

T,
(@) Z,f,(1 e
. 4@
G = S f—
(@) zzfz(l + ooy

and f; is the steady-state contribution of the component with
phase shift ¢; (f; = a,-r,/Z,a,-r,).

An automated multifrequency phase fluorometer, as de-
scribed previously by Clays et al. (1989), was used for the
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determination of fluorescence decay data. The excitation
source consisted of a cavity-dumped laser (Spectra Physics
375B) with Rhodamine 6G, pumped by the 514.5 nm green
line of a mode-locked Ar* ion laser. The dye laser pulses
had a pulse width of 20 ps and a repetition frequency of
400 kHz. The excitation wavelength was 295 nm after
frequency doubling, to ensure that the emission was exclu-
sively due to tryptophan residues. The detector of the
previous instrument was replaced by a fast high-gain
photomultiplier (Hamamatsu H5023). A single harmonic
frequency of the exciting light pulse was first converted to
an intermediate frequency of 45 500 Hz via external cross-
correlation, filtered, and amplified. The phase shift was
measured in the low-frequency domain (700 Hz) using a
second cross-correlation step. In this way, we extended the
band width of our system to | GHz. The phase shift and its
standard deviation can be accurately obtained by measuring
each phase shift five times with a digital timer/counter
(Philips PM 6654). NATA, with a lifetime of 2.95 ns, was
used as a reference fluorophore to avoid any color effects.

Data reduction was performed on a Micro Vax 2000
minicomputer using a nonlinear least-squares algorithm
(Bevington, 1969). Measurements performed at different
emission wavelengths (330—370 nm) were analyzed simul-
taneously with global analysis in order to improve the
recovery of lifetimes and amplitude fractions (Beechem et
al., 1983), and the data were fitted using the modified
Levenberg—Marquardt algorithm (More & Sorensen, 1983)
assuming fluorescence lifetimes, 7;, which are independent
of the wavelength and a variable amplitude ratio.

The solvent accessibilities of the tryptophan residues in
the different mutants were probed by acrylamide-quenching
experiments (Eftink & Ghiron, 1976). Measurements were
performed at pH S and 7 by adding aliquots of a freshly
prepared 8 M acrylamide stock solution to a cell containing
the protein. Fluorescence lifetimes as a function of acryla-
mide concentration were fitted, using SigmaPlot, to

T,
?0 =1+ k[0l =1 + K5y [0] 5)

where 1 is the lifetime in the absence of quencher and Kgv
is the Stern—Volmer quenching constant which is equal to
kqto, where k, is the bimolecular quenching rate constant.

RESULTS

Mutations and Protein Stability. Hydrophobic interactions
are believed to provide a major contribution to the stabiliza-
tion of proteins in an aqueous environment, and the creation
of hydrophobic cavities is known to decrease the stability
of proteins (Eriksson et al., 1992). Moreover the predomi-
nant feature of water soluble proteins is that the nonpolar
residues are buried in a core where they avoid contact with
water molecules. All three tryptophan residues of the
C-terminal domain of colicin A are mainly buried within
the hydrophobic core of the protein. Mutation of these
residues to a Phe would be destabilizing as there would be
a loss of one or two hydrogen bonds and the introduction of
a small hydrophobic cavity.

We assume firstly that the percentage secretion into the
extracellular medium is directly related to the protein
stability. Secondly, the stability is directly related to the
ability of the protein to compensate for the creation of
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FIGURE 2: Fluorescence emission and absorption spectra of the

single-tryptophan-containing mutants of the pore-forming domain
of colicin A.

hydrophobic cavities by mutation. The more unstable
mutants may not fold correctly and hence aggregate in the
cytoplasm of the producing cell. Indeed, the W86F and
W130F mutants are secreted less than the wild-type colicin
A. However, the fraction secreted is large enough so that
each mutant can be easily purified from the extracellular
medium without using detergents and can be cleaved by
thermolysin. On the other hand, the Trp-140—Phe mutation
leads more drastically to aggregation probably because the
Trp-140 aromatic side chain stacks against the aliphatic
portion of Lys-113 and the mutation to a Phe would result
in the loss of hydrogen bonds and the creation of a
hydrophobic cavity. The purification of the W140F mutant
from the cells needed the use of a detergent, and the protein
is totally degraded by thermolysin probably because its
conformation is different from the wild-type. To circumvent
this problem, Trp-140 was replaced by Leu and a second
mutation, Lys-113 to Phe, was introduced. The mutations
of Lys-113 to Phe and Trp-140 to Leu allow the rotation of
the Phe into the cavity and so partially compensate for the
cavity-causing instability (unpublished result). The W140L/
K113F double mutant is secreted into the extracellular
medium and then purified and its C-terminal domain easily
obtained by thermolytic digestion.

As can be concluded from the percentage secretion, the
replacement of Trp-86 and Trp-130 by Phe does not seem
to alter the structure of the protein. Contrary to the Trp-
140—Phe mutation, the double mutant W140L/K113F seems
to have a structure similar to the wild-type. The activity of
all the mutated proteins, including W140F, determined by
measure of the K™ efflux, is very similar to the wild-type
colicin A, which suggests that the structure of the channel
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FiGURE 3: pH profile of the fluorescence of the pore-forming
domain of colicin A (wild-type).

in the inner membrane of E. coli cells is similar to the wild-
type (data not shown).

Steady-State Fluorescence Parameters. The absorption
and fluorescence emission spectra of the single-tryptophan-
containing mutants are shown in Figure 2. These spectra
immediately show that Trp-130 is characterized by a strongly
red-shifted emission (350 nm). Trp-86 shows a pronounced
blue emission (325 nm), while Trp-140 has an intermediate
emission maximum at 340 nm. Since the Stokes shift
depends strongly on the polarity and mobility of the
environment, it can be concluded that Trp-130 is in a highly
polar environment, Trp-86 must be buried into the hydro-
phobic interior of the protein, and Trp-140 must be in an
intermediate situation. Trp-140 clearly displays the highest
intensity and therefore must show the highest quantum yield
and highest average lifetime. This is confirmed by the data
in Table 1, where the wavelength of maximum emission,
the quantum yield, and the average lifetime are given for all
the proteins studied. The general feature of the individual
tryptophan residues are recognized in the single Trp mutants
as well. Removal of Trp-86 causes a red shift of the emission
maximum with respect to the wild-type. Whenever Trp-
140 is removed, the quantum yield and the average lifetime
drop considerably. Removal from the wild-type of Trp-86
or Trp-130 does not influence the fluorescence parameters
of the wild-type substantially, indicating that its fluorescence
is largely dominated by Trp-140.

The steady-state fluorescence of the pore-forming domain
of colicin A wild-type as a function of pH is shown in Figure

Table 1: Wavelength of Maximum Emission, Ame, Quantum Yields, 0, Average Lifetime, (z),’ and Radiative, kg, and Nonradiative Rate
Constants, kxg,? for the Pore-Forming Domain of Wild-Type Colicin A and the Different Mutants at pH 5

protein Amax (NM) 0 {t) (ns) kg (ns™) knr (ns™")
WT 334 0.13 £ 0.01 3.15£0.09 0.041 £ 0.005 0.28 +0.01
WS86F 338 0.12 £ 0.01 3.05 £ 0.1 0.039 + 0.005 0.29 + 0.02
W130F 335 0.13 £0.02 3.06 &+ 0.07 0.042 £ 0.008 0.28 +£0.01
W1401L/K113F 331 0.07 £0.01 23101 0.030 = 0.006 0.40 +0.02
WS86F/W130F 339 0.16 £ 0.02 3.56 £0.05 0.045 £ 0.006 0.24 + 0.01
W86F/W140L/K113F 350 0.06 + 0.02 2.07 +0.06 0.03 +0.01 0.45 +0.03
WI130F/W140L/K113F 325 0.08 + 0.01 2.1+0.1 0.038 + 0.007 0.44 4+ 0.03

¢ Quantum yields are relative to Trp in water (@ = 0.14). ? Average lifetimes are calculated from the individual lifetimes, 7;, listed in Table 2
and the corresponding steady-state fractions, f,, at 340 nm as {t) = X fi7;. “kr = QK). ‘g = (1— O)N2).
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FiGURE 4: Typical phase measurement of wild-type C-terminal
domain of colicin A at pH 5 and graphical tests incorporated in
the data analysis. Measured phase angles (@) are plotted as a
function of frequency and fitted for a sum of three exponentials.
Also included are plots of the weighted residuals versus frequency
and of their autocorrelation function.

3. The fluorescence intensity is found to be dependent upon
pH with an apparent pK, of 5.2.

Fluorescence Lifetimes. The fluorescence decay param-
eters were determined at emission wavelengths ranging from
330 to 370 nm in 5 nm intervals. Best fit (lowest yr—no
systematic deviation in the autocorrelation function or the
weighted residuals) was obtained with a triple-exponential
fit (Figure 4). In order to increase the accuracy of the
recovery of the lifetimes and the fractional intensities, a
global analysis of all the phase measurements at the different
wavelengths was performed. This means that all the phase
data were fitted with a single set of three lifetimes and at
each wavelength a separate set of three amplitude fractions.
The result of this global analysis is shown in Table 2. For
the mutant W86F/W 130F, the fluorescence decay can only
be described by two exponentials. Possibly, 7, contains an
unresolved fraction of a short component.

Decay-associated spectra of the different lifetimes can be
obtained by multiplying the fractional contribution of each
lifetime with the steady-state emission intensity at each
wavelength. These spectra, which display the heterogeneity
of the fluorescence emission, are given in Figure 5. In wild-
type C-terminal fragment colicin, 73 originates mainly from
Trp-140, while Trp-86 and Trp-130 both provide a major
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contribution to 7; and 7,. When applied to single-tryptophan
proteins (the lowest row of Figure 5), these data reveal that
the spectra associated with the different lifetimes of a single
tryptophan are associated with different Stokes shifts. The
shortest lifetimes always contribute the most at shorter
wavelengths, whereas the long-lived components are red-
shifted. The intermediate lifetime 7, of Trp-130 in the mutant
WE86F/W140L/K113F is shifted to the red. When Trp-130
is mutated (W130F; W86F/W 130F;, W130F/W140L/K113F),
this shift is absent.

Acrylamide Quenching of the Lifetimes. The susceptibility
of the fluorescence lifetimes to quenching by acrylamide was
used to probe the solvent accessibility of the tryptophan
residues. These quenching experiments allow the determina-
tion of the rate constant for collisions between the quencher
and the fluorescent group. For a fully exposed tryptophan
residue (e.g., free Trp in water), this value can be as high as
6.4 M™! ns™!. A value smaller than this upper limit is
interpreted as an indication for a lower accessibility of the
tryptophan. Fluorescence-quenching experiments with acryl-
amide were performed at pH 5 and 7. Figure 6 shows the
Stern—Volmer plots for acrylamide quenching of the life-
times of the pore-forming domain of colicin A wild-type.
At pH 5, the values for the bimolecular quenching constant,
kg, are 0.46 £+ 0.18 ns™! M™! for 7, 0.213 £ 0.003 ns™!
M-~! for 15, 0.259 & 0.004 ns~! M~! for 73, and 0.30 + 0.01
ns~! M~ for the mean lifetime, (z). Ksv amounts to 0.99 +
0.03 M~ for (1), which is in agreement with the value of
1.07 obtained by Lakey et al. (1991) from fluorescence
intensity-quenching experiments. At pH 7, the values are
0.42 £+ 0.06 ns™! M~ for 7, 0.201 & 0.005 ns~! M~! for
73, 0.23 £ 0.01 ns™! M~! for 73, and 0.28 £ 0.01 ns~! M™!
for the mean lifetime, (z), indicating that there is a slight
decrease in the solvent accessibility at pH 7 for all the
lifetimes in the wild-type.

The bimolecular quenching constants, kg, corresponding
to 72 and 73 for the different mutant proteins are shown in
Table 3. The shortest lifetime 7;, however, cannot be
accurately determined at higher acrylamide concentrations,
resulting in too large errors on the k; values. Trp-130 and
Trp-140 show large differences in k4 for the two lifetimes
in contrast to Trp-86.

DISCUSSION

Environment of the Three Tryptophan Residues in the
C-Terminal Domain of Colicin A. Examination of the three-

Table 2: Results of the Global Analysis of the Fluorescence Decay of the C-Terminal Domain of Colicin A and Two- and

One-Tryptophan-Containing Mutants®

71 (ns) 72 (ns) 73 (ns) a az as AR
WT 0.57 £ 0.02 1.77 £ 0.04 3.95 +0.02 0.21 £ 0.01 0.40 £ 0.01 0.39 £ 0.01 1.1
WS86F 0.38 £ 0.02 1.78 £ 0.05 395 +0.04 0.30 £ 0.01 0.38 £ 0.01 0.32 £0.01 0.9
WI130F 0.55 +£0.02 1.87 £0.04 3.99 £ 0.09 0.20 £ 0.03 0.45 £ 0.01 0.35 +£0.01 1.1
WI140L/K113F 0.49 £ 0.02 1.68 £0.04 3.82 £0.08 0.31 +£0.02 0.54 = 0.02 0.15+0.01 1.7
WB86F/W130F - 1.60 = 0.02 4.06 +0.01 - 0.41 £ 0.01 0.59 £ 0.01 1.5
WS86F/W140L/K113F 0.43 +0.01 1.73 £0.03 358 +£0.12 0.38 £ 0.01 0.53 +0.01 0.09 £ 0.01 1.4
W130F/W140L/K113F 0.44 £ 0.01 1.78 £0.01 441 +£0.07 0.17 £ 0.01 0.78 £ 0.01 0.05 £ 0.01 3.6
WT 0.75 £ 0.03 2.19 £ 0.08 4,37 £ 0.06 0.24 +£0.02 0.44 = 0.01 0.32 £0.01 0.9
WI130F 0.64 +0.03 2.12 £ 0.09 4.23 +0.06 0.22 £ 0.01 042 +0.01 0.36 £0.01 2
W140L/K113F 0.72 £ 0.02 2.01 =0.04 4.89 + 0.09 0.33 +0.01 0.57 @001 0.1 £0.01 3
WI130F/W140L/K113F 0.89 + 0.07 2.08 = 0.06 4,94 £ 0.31 0.19 £ 0.03 0.76 £ 0.02 0.05 +0.01 1.6

2 Amplitude fractions at 340 nm.
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FIGURE 5: Decay-associated spectra of the wild-type and the different mutants of the pore-forming domain of colicin A at pH 5.
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FIGURE 6: Stern—Volmer quenching plots of the pore-forming
domain of colicin A wild-type at pH 5. Key to plot: 7, (O), 12
(V), 73 (&), and (7) (®).
dimensional structure of the C-terminal domain of colicin
A (Figure 1) reveals that all three tryptophan residues are
almost completely buried in the hydrophobic interior of the
protein. The solvent accessible areas of the indole rings of
the three tryptophans were calculated using an analytical
algorithm (Alard, 1991) implemented in Brugel (UsrConsult,
Belgium) and amount to 0.025 A? for Trp-86, 6.9 A2 for
Trp-130, and 8.5 A2 for Trp-140. For reference, the total
accessible area of a tryptophan side chain amounts to 266

0.4 0.5 0.6

A? (probe radius, 1.6 A). Qualitatively, the calculated values
are in agreement with the experimental solvent accessibilities
as probed by acrylamide quenching, namely, the most buried,
Trp-86, displays the smallest bimolecular quenching constant
while the more accessible residues, Trp-130 and Trp-140,
show larger quenching constants.

The amino acids in the proximity of the tryptophan side
chains are known from the crystal structure and are repre-
sented in Figure 7 using the software program Whatlf
(Vriend, 1990). Both Trp-86 and Trp-130 are for the most
part surrounded by hydrophobic apolar amino acids, with
no charged amino acids in the immediate environment. The
side chain of Trp-86 stacks parallel against Tyr-161 and is
within hydrogen bond distance of the side chain hydroxyl
groups of Tyr-161 and Ser-121. Trp-130 is located perpen-
dicular to the aromatic ring of Tyr-125. In the neighborhood
of Trp-140, however, there is a negative charge of the
carboxylate group of Glu-136 which is pointing perpendicular
toward the pyrrole part of the indole side chain of Trp-140
(distance between Ne atom of Trp-140 and carboxylate of
Glu-136 amounts of 3.1 A), while the positive charge of Lys-
113 is pointing toward the C§ atom of the tryptophan residue
at a distance of 4.5 A.

The fluorescence emission spectrum is generally an
indication of the polarity of the environment of the tryp-
tophan residues. The contribution of water to the polarity
of the environment is given by the acrylamide-quenching
constants and the solvent accessible areas as described above.
Trp-86, which is totally buried, displays the biggest blue shift
in the emission spectrum. Trp-130 and Trp-140 are more
accessible for the solvent, and their fluorescence spectrum
is consequently red-shifted. Also charges located on side
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Table 3: Bimolecular Quenching Rate Constants, kg, as Obtained from the Acrylamide Quenching at pH 5
kg (nsT! M)
T2 73 (7)
WT 0.21 £ 0.01 0.26 £0.01 0.30 £0.01
W86F 1.4+04 0.30 £ 0.02 0.36 = 0.02
WI130F 0.21 £0.06 0.22 £0.02 027 £0.01
W140L/K113F 0.63 £ 0.09 0.19 £ 0.03 0.29 £0.01
W86F/W130F 1.1£0.5 0.28 £0.02 0.32+£0.01
W86F/W140L/K113F 1.19 £ 0.09 0.07 £ 0.02 0.38 £ 0.02
W130F/W140L/K113F 0.2 +0.07 0.19 £ 0.01 0.23 £0.01
B . Met-60
A.
Met-134
Leu-133

Tyr-126

g
)
N ~3.6 A
Thr-157 Tyr.161 N
Leu-158
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Ala-150
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Val-117

FIGURE 7: Close-up view of the amino acids in the environment of the three tryptophan residues: (A) Trp-86, (B) Trp-130, and (C)

Trp-140.

chains of amino acids in the proximity of the indole moiety
influence the polarity and can provoke a shift in the spectrum.
In order to assess the exact effect of their presence, more
extensive calculations are required (Ilich er al., 1988).
However, in the first instance, it seems that the wavelength
of maximum fluorescence emission is proportional with the
solvent accessibility.

The radiative rate constants, kg (kg = 1/7r = Q/1)), and
nonradiative rate constants, kxg (knr = (1 — Q)X1)), are given
in Table 1. The radiative rate constant, kg, of indole is
dependent upon the polarity of the environment and is higher
in nonpolar solvents than in water (Privat et al., 1979). Also
the direction of the electric field in the vicinity of the
tryptophan side chain is important (Ilich ez al., 1988; Szabo
& Faerman, 1992). For the residues Trp-86 and Trp-130,

we find kg Tep-s6 > kr.Trp-130 in accordance with the polarity
defined as Amax,'l'rp-86 < /qtmax,Trp-ISO-

The radiative rate constant of Trp-140 is unexpectedly
high. This may be due to the presence of the charges in the
vicinity of the indole sicz chain of Trp-140 which can
influence the radiative rate constant via the oscillator strength
of the transition (Ilich ez al., 1988). The increase in the mean
fluorescence lifetime, (z), for Trp-140 originates from a
marked decrease in the nonradiative rate constant, kxg. We
assume that this may be due to the presence of the
carboxylate group of Glu-136. Indeed, the tryptophan
derivative indole-3-propionic acid, which contains only a
CO,~ on the a-carbon, dispiays a long fluorescence lifetime
with a low nonradiative rate constant comparable to the value
of kng for 3-methylindole (Szabo & Rayner, 1980).
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Table 4: Lifetimes and Amplitudes Calculated from the Sum of the Decays of the Individual Tryptophans or Tryptophan Pairs

protein 7 (ns) 72 (n8) 73 (n8) a ax a (t) (ns)
W86F exptl 0.38 1.78 3.95 0.30 0.38 032 3.05
a 0.43 1.67 4.02 0.16 0.46 0.38 3.15
W130F exptl 0.55 1.87 3.99 0.20 0.45 0.35 3.06
b 0.44 1.73 4.09 0.09 0.60 0.31 2.98
W140L/K113F exptl 0.49 1.68 3.82 0.31 0.54 0.15 2.32
c 0.43 1.76 4.00 0.25 0.68 0.07 2.07
WT exptl 0.57 1.77 3.95 0.21 0.40 0.39 3.16
d 0.43 1.73 4.05 0.16 0.59 0.25 2.81
e 0.49 1.81 3.94 0.27 0.48 0.25 2.78
f 0.49 1.66 3.99 0.19 0.44 0.37 3.11
g 0.39 1.78 3.89 0.25 0.54 0.21 2.63

@ Calculated as W86F/W140L/K113F + W86F/W130F. * W130F/W140L/K113F + W86F/W130F. < W130F/W140L/K113F + W86F/W140L/
K113F. ¢ W130F/W140L/K113F + W86F/W140L/K113F + W86F/W130F. ¢ W86F/W140L/K113F + W130F. f W86F/W130F + W140L/K113F.

¢ W130F/W140L/K113F + W86F.

Heterogeneous Decay in the Pore-Forming Domain of
Colicin A and Its One- and Two-Tryptophan-Containing
Mutants. The C-terminal domains of colicin A wild-type
and all mutant forms display multiexponential decay kinetics
with lifetimes belonging to three different lifetime classes:
0.38—0.57 ns for 7y, 1.6—1.87 ns for 15, and 3.6—4.41 ns
for 7; at pH 5. At pH 7, the three classes are 0.64—0.89 ns
for 71, 2.01—2.19 ns for 7, and 4.23—4.94 ns for 7.

This decrease in all lifetimes at pH S compared to pH 7
must be provoked by a general effect, e.g., an increase in
quenching by the solvent or protein matrix. At acidic pH,
it is known that the pore-forming domain is destabilized,
resulting in a looser and more flexibe ‘molten globule’
intermediate (van der Goot et al., 1991; Muga et al., 1993)
which facilitates the membrane insertion (Pattus ez al., 1983).
However, no conformational changes, or a change in the
secondary structure associated with this increased affinity
at pH 5, were detected previously by other spectroscopic
techniques (Lakey et al., 1991; Goormaghtigh ez al., 1991).
We found that at pH 5 the three tryptophans are slightly more
accessible to the quencher compared to at pH 7, indicating
that the tryptophan residues located in the hydrophobic core
of colicin A are more exposed to the solvent, which resulits
in a decrease in all lifetimes.

An alternative explanation for this phenomenon could be
that in the neighborhood of Trp-86 there is a histidine residue
(His-88), which can provoke the decrease in lifetime upon
acidification. However, the pH dependence of the fluores-
cence of the C-terminal domain of colicin A reveals an
apparent pK, of 5.2 which is unusually low for a histidine
residue. Moreover, His-88 points away from the tryptophan
residues and can not collide, which is essential for an efficient
quenching (Vos & Engelborghs, 1994).

Complex fluorescence decays in proteins are usually
explained by different conformations, resulting in different
interactions of the tryptophan side chain with amino acid
groups of the surrounding protein matrix [see, e.g., Petrich
et al. (1983), Hutnik and Szabo (1989), Kim et al. (1993)].
The longer lifetimes are thought to originate from conforma-
tions with little interaction with the environment, while the
shorter lifetimes are the result of dynamic quenching from
the solvent or the protein matrix. Recently, Bajzer and
Prendergast (1993) developed an alternative model to
describe the multiexponential fluorescence decay of tryp-
tophan in proteins because in many proteins there seems to
be no basis for assuming multiple tryptophan conformations

since they would disrupt the closely packed protein matrix.
Their model is based on the occurrence of transfer of the
excited-state energy from the fluorophore to acceptors located
elsewhere in the protein matrix. So far we have not found
indications for these energy acceptors.

We therefore assume that multiple protein microconfor-
mations are on the origin of multiexponential fluorescence
decay in proteins. Each lifetime corresponds to a distin-
guishable conformational state which can be characterized
by a bimolecular quenching constant and an associated
spectrum. The quenching constant, k;, for the single-
tryptophan-containing mutant forms increases in the order
73 < 7. The long-lived component 73 originates from a
‘relaxed’ conformation (spectrum is shifted to lower energy)
with low accessibilities for the solvent. Consequently, the
red shift of this component must be caused by relaxation of
the protein matrix around the excited state. In many proteins,
it is known that dipolar relaxation of the protein matrix is
on the order of nanoseconds (Demchenko et al., 1993). Trp-
86, which is located in a more rigid and more nonpolar
environment and hence thought to be not susceptible to these
relaxation processes, displays negligible shifts in the ampli-
tudes as a function of wavelength. The relative amplitudes
corresponding to the lifetimes of the more polar residues Trp-
130 and Trp-140 exhibit a more pronounced shift in their
spectra.

Could the Wild-Type Fluorscence Be Represented by the
Sum of the Emissions of the Individual Tryptophans? The
lifetimes, 7; (i = 1, 2, and 3), of the wild-type and the two-
tryptophan-containing mutants were calculated from the
lifetimes, 7;, and amplitude fractions, a;, of the separate
tryptophans or tryptophan pairs according to

as; ae,;
— JJ_2 7]
T =2, _— /21’, 7 (6)
R,j R.j

with j being each individual mutant. The pre-exponential
factors of the fluorescence decay of each tryptophan need
to be weighted by e/tr, with € being the absorbance of the
respective tryptophan and tr its radiative lifetime which is
calculated from the quantum yield, ¢, and the mean lifetime,
(1), as {t)/¢. The result is given in Table 4. Best fit is
obtained for W130F, W86F, and wild-type calculated from
the fluorescence decay of respectively Trp-86 + Trp-140,
Trp-130 + Trp-140, Trp-140, and the tryptophan pair Trp-
86/Trp-130. The fluorescence of the tryptophan pair Trp-
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Table 5: Calculated Distances, R (A), Orientation Factors, «?, Overlap Integrals, Jap (10716 cm® mmol™"), Ry Values (&), and Energy Transfer
Efficiencies, E (%), for the Different Tryptophan Pairs in the Pore-Forming Domain of Colicin A

86—130 130—86 130—140 140—130 86—140 140—86
R 10.09 10.09 15.82 15.82 14.18 14.18
x? 0.59 0.59 6.13 x 1073 6.13 x 1073 4.09 x 1073 4.09 x 1073
Jap 2.44 0.46 0.71 0.83 1.82 1.54
Ro 11.23 8.11 4.07 4.97 2.16 2.39
E 0.65 0.21 2.89 x 107 9.57 x 1074 1.3 x 1073 229 x 1073

Table 6: Calculated Lifetimes (1/4+ and 1/A-) from the Combination of the Lifetimes of the Mutants W130F/W 140L/K113F (Trp-86) and
W86F/W140L/K113F (Trp-130) with Energy Transfer Rate Constants of 1.86 and 0.36 ns™! for, Respectively, kgs—130 and kj3o—ss, According to

Formula 12 (Porter, 1972)

lifetimes of Trp-86 (1/kss)

71 = 0.44 ns 72=1.78 ns 73 =4.41 ns
lifetimes of Trp-130 (1/k130) 7, =043 ns 0.13 and 0.43 0.27 and 0.86 0.30 and 1.94
7,=173ns 0.15 and 1.51 0.52 and 1.74 0.87 and 2.58
73=3.58ns 0.15 and 3.92 0.59 and 3.34 1.31 and 3.72
86/Trp-130 can not be represented by the sum of the decays f Fp(A)e A(/l),14 di
of the individual tryptophans. This is most obvious in the = (10)
average lifetime, (r), in the longest lifetime, 73, and in the f Fp(A) dA

corresponding amplitude fraction, as. Since there are no
structural or dynamic aberrances, we interprete this as an
indication for energy transfer between Trp-86 and Trp-130.

According to Forster’s classic theory (Forster, 1948), the
energy transfer between the three tryptophan residues can
be calculated from the known crystal structure. The ef-
ficiency of radiationless energy transfer, E, between a donor,
D, and an acceptor, A, is given by

RS
= SR ™
R,*+R
where R is the distance between the donor and the acceptor.

The distance, Ry (in cm), at which 50% energy transfer
occurs is obtained from

RE=(8.79 x 107)(n 3ok p) ®)

The refractive index, », of the medium is taken as 1.5 (Desie
et al., 1986). ¢p is the quantum yield of the donor in the
absence of the acceptor and is taken from Table 1.

The geometric dipole—dipole orientation factor, «2, is
calculated from

K> = (cos O — 3 cos 65 cos 6,)° ®

where Or is the angle between the emission dipole of the
donor and the absorption dipole of the acceptor and 6p and
B4 are the angles between these dipoles and the vector joining
the midpoints of the CE2/CD2 bond of the donor and the
acceptor, respectively. The direction of the transition mo-
ment of the 'L, state is situated —38° from the longest axis
in tryptophan (Yamamoto & Tanaka, 1972). The 'L, state
is ignored in the calculation of the geometric orientation
factor since absorption and fluorescence at 295 nm are mainly
due to the 'L, state transitions [see, e.g., Harris and Hudson
(1990)]1.

Jap is the spectral overlap integral (in M~! cm?) between
the emission spectrum of the donor [Fp(4)] and the absorp-
tion spectrum of the acceptor [€a(4)] and is defined as

Values for the calculated distances R between the tryp-
tophan residues, the orientation factors «?, the overlap
integrals Jap, and the amount of energy transfer between
the three tryptophan residues are shown in Table 5. These
calculations show that only between Trp-86 and Trp-130 is
there an appreciable extent of energy transfer; this in
accordance with what we noticed before. Between Trp-140
and the other residues, there is no significant energy transfer
due to an unfavorable orientation of the tryptophan side
chains (low «2).

The energy transfer efficiencies between Trp-86 and Trp-
130 can also be written as

kse—130
Ey ivo=7—"—"7F77—"—
S0 kg + kgs130 an

kl 30—86

E =
130—86 +
k130 kl 30—86

where kg¢ and k3 are the inverse lifetimes in the absence of
energy transfer and kgs—130 and k;30—gs are the rate constants
for the forward and backward energy transfer between the
residues Trp-86 and Trp-130. Taking for kgs and ki3 the
inverse average lifetimes, the rate constants kgs—;3p and
k13086 can be calculated and amount to 1.86 and 0.36 ns~!,
respectively. According to the formulae of Porter (1972),
these rate constants will combine with the fluorescence decay
constants yielding two new lifetimes (1/A+ and 1/A-) which
will be observable in the presence of this forward and
backward energy transfer:

2'A':I: = (k86 + k130 + k86—>130 + k130—'86) + [(k86 + k130 +
k86—'130 + k130—>86)2 + 4k86—’130k130—>86] 2 (12)

The result of the combination of the lifetimes of the single-
tryptophan-containing mutants W130F/W140L/K113F and
WB86F/W140L/K113F with kse—130 and kjso—s6 is given in
Table 6. All possible combinations are presented. By
comparing with the lifetimes of the Trp-86/Trp-130 pair in
W140L/K113F, it becomes clear that the combinations that
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best fit the observed lifetimes for the mutant are 7, < 1
and 73 <> 173. This shows that the lifetimes in the mutant
WI140L/K113F can originate very likely from such a two-
way energy transfer.
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