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Abstract

The laser-induced fluorescence technique is applied to electrosprayed cytochrome ¢ (cyt-c¢). While no fluorescence
was observed for the electrospray of the solution of neutral pH, the fluorescence ascribed to the tryptophane residue
was observed for the spray of the acidified solution. The relative intensity of the fluorescence is observed to increase
with the distance from the end of the spray needle. This result suggested that the highly charged cyt-¢ ions which
preserve the nonfluorescent compact forms in solution make a conformational change by the loss of solvent in the
electrospray and the tryptophane residue becomes more fluorescent. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Since the development of methods to put large
biomolecules in the gas phase, [1,2] their confor-
mation can be studied under specific hydration
and charged state conditions [3]. Physical and
chemical methods have been combined with mass
spectrometric studies to obtain conformational
information on gas-phase proteins, [4-8] and these
studies provide basic information about the fold-
ing—unfolding processes of proteins in solution
such as roles of the number of charges and solvents
on the conformational changes. However, while
almost exclusively mass spectrometric techniques
are used in the gas-phase studies, most of the
conformational properties of proteins in solution
have been studied by optical methods, such as
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circular dichroism, Raman scattering, absorption,
and fluorescence techniques '. Therefore, the ap-
plication of these optical methods to gas-phase
proteins is required to obtain conformational in-
formation directly relevant to those in solution.
Cytochrome ¢ (cyt-c) is one of well studied
proteins with respect to its folding—unfolding
process in solution [9]. This protein contains one
tryptophane residue and its fluorescence has been
used as a sensitive measure for the conformational
change of the protein [10]. The tryptophane fluo-
rescence is almost completely quenched in the
native form by energy transfer to the heme [11,12],
however, unfolding of the protein increases the
heme-tryptophane distance and consequently en-
hances the fluorescence yield [13]. The gas-phase
ions of cyt-c formed by electrospray ionization
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have been also studied quite extensively. Confor-
mational information has been accumulated for its
specific charged states by chemical and physical
methods. Drift tube studies have observed that the
cross-sections of cyt-c ions increase with the
number of positive charges (corresponding to the
number of protons attaching to the cyt-c molecule)
and have suggested that the conformation of the
ions changes from the native like compact form to
the elongated form such as a random coil at
around 7+ or 8+ charge state [4-8].

Here, we applied the laser-induced fluorescence
technique to study the fluorescence of the trypto-
phane residue in electrosprayed cyt-c. Combina-
tion of fluorescence detection techniques with the
electrospray ion source has been started recently
and was first applied for some dye molecules [14—
17]. These studies have provided important infor-
mation on the processes in the electrospray plume.
The study presented here is the extension of this
technique to the detection of proteins in the elec-
trospray plume. Although we could not specify the
charged state and extent of hydration of cyt-c¢ be-
cause the LIF measurement is limited to the spray
in the air, we believe that it is an important step to
apply the fluorescence detection technique to the
protein in vacuum under controlled hydration and
charged conditions.

2. Experimental

The experimental setup is shown in Fig. 1.
The solution of a sample in a 50:50 mixture of
water and methanol was electrosprayed from a
spray needle (stainless steel, 0.2 mm o.d.) to a
counter electrode. Positive high voltage (typically
3.5 kV) is applied to the spray needle and the
typical distance between the needle and the
counter electrode is 25 mm. A collimated fourth
harmonic (266 nm) of a Nd:YAG laser (Spectra
Physics DCR-11) irradiated the spray and fluo-
rescence from the excitation region was collected
by a lens and dispersed by a monochromator
(Spex 270M). The dispersed fluorescence was
detected by a photomultiplier tube (Hamamatsu
R-928) and its output was amplified and fed into
a boxcar integrator (SRS-250). The laser inten-
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Fig. 1. Schematic diagram of the experimental setup. Excita-
tion laser beam axis is perpendicular to this figure.

sity was monitored by a fast photodiode and its
signal was integrated by another boxcar inte-
grator and used for normalization of the LIF
intensity.

Both the spray needle and the counter electrode
are mounted on a stage driven by a micrometer
and the distance of the excitation and observation
point from the spray needle can be changed con-
tinuously with 0.1 mm accuracy. The typical spot
size and power of the laser were 2 mm dia. and 0.2
ml/pulse, respectively. For the measurements of
fluorescence lifetimes, the third harmonic output
(264 nm) of an amplified mode-locked titanium
sapphire laser (Mira, Coherent) was used for ex-
citation and the time evolution of the fluorescence
was measured by a streak camera (Hamamatsu
C4334). The temporal resolution was limited by
the streak camera to ~10 ps.

Since the electrospray plume studied here is in
the air and O, may quench the photoexcited spe-
cies, a flow of N, can be applied through a 1/4” tee
as shown in Fig. 1. The effect of the N, flow was
measured by the lifetime of the electrosprayed
Ru(bpy)?r ion. The long lifetime identical to that
of the deoxidized solution was observed with the
N, flow, while the lifetime measured in the air was
much shorter presumably because of the quench-
ing by O, [18].
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Samples of horse heart cytochrome ¢ and
L-tryptophane were both obtained from Sigma
Chemical and used without further purification.
Methanol (>99.7%) and deionized water were
obtained from Kanto Chemical and used to pre-
pare 50/50 (v/v) solutions. The solutions were not
degassed and showed a pH =6.7-6.8 as measured
with a pH meter (TOA electronics, HM-5S)
equipped with a glass electrode. Acetic acid
(>99.7%) was obtained from Wako Chemical and
used to acidify solutions.

3. Results and discussion
3.1. Dispersed fluorescence

The dispersed fluorescence (DF) spectrum was
measured for the electrosprayed tryptophane solu-
tion (5 x 1073 M). The result is shown in Fig. 2a and
the spectrum peaking around 350 nm is identical to
that of the solution measured by a conventional
fluorescence spectrometer. The fluorescence spectra
of electrosprayed cytochrome ¢ (1.2 x 107* M) were
measured for two different solutions, i.e., unacidi-
fied and acidified solutions. The former is the so-
lution without adding any acid (pH = 6.8) and the
spectrum is shown in Fig. 2b. No fluorescence is
observed in Fig. 2b except for the weak contribu-
tion of the tail of the scattered laser light at the
shorter wavelength. The spectrum shown in Fig. 2¢
is the DF spectrum measured for the electrospray of
the solution with 0.3% acetic acid (pH = 3.6). This
spectrum shows a fluorescence band peaking
around 350 nm. Although this band is slightly
broader than that of the electrosprayed trypto-
phane (Fig. 2a), it is ascribed to the fluorescence of
the tryptophane residue in the electrosprayed cyt-c.
DF spectra for the acidified cyt-c¢ solution were
measured at several distances from the end of the
needle, and no significant difference was observed.
The results observed here, i.e., no fluorescence in
the electrospray of the unacidified solution and the
tryptophane fluorescence in that of the acidified
solution, are consistent with the fluorescence
property of cyt-c in solution. In room temperature
solution, the tryptophane fluorescence is almost
completely quenched by the heme in the native form

T T T T

(a) Tryptophane

(b) Cytochrome-c(native)

Fluorescence Intensity / arb.

(c) Cytochrome-c(acidified)

1 | | 1

300 350 400 450 500
Wavelength / nm

Fig. 2. Dispersed fluorescence spectra of electrosprayed (a)
tryptophane (b) cytochrome ¢ (unacidified) and (c) cytochrome
¢ (acidified by 2.5% acetic acid) solutions measured by 266 nm
excitation. The spectra were taken at 10 mm from the top of the
spray needle.

[11,12], however, unfolding by acid increases the
heme-tryptophane distance and consequently en-
hances the fluorescence yield [13].

One unique property of the electrospray is that
the solvation state is changed through evolution of
the spray. Since charged droplets formed at the
electrically biased needle lose solvents by evapo-
ration, ions with fewer solvent molecules can be
sampled by increasing the distance from the nee-
dle. The effect of desolvation was studied by the
fluorescence intensity at 350 nm as a function of
the distance from the needle and the results are
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Fig. 3. Plots of tryptophane fluorescence intensities against the
distance from the top of the spray needle. (a) Relative intensities
at 350 nm are measured for electrosprayed tryptophane and
cytochrome c¢ (acidified). (b) Fluorescence intensity of cyto-
chrome ¢ is normalized with respect to that of tryptophane.
Error bars show 1o of the measurements.

summarized in Fig. 3. Relative intensities are
shown in Fig. 3a for the tryptophane and acidified
cyt-c solutions. Although both intensities decrease
with the distance from the needle as expected from
the spatial expansion of the spray plume, [16] the
acidified cyt-c shows a slightly milder decrease.
Assuming that the fluorescence of tryptophane is
not affected by the loss of solvents, [19]  the in-

2 Actually, the lifetime of tryptophane slightly decreases as
increasing the distance. This may reflect pH change through
electrospray suggested by Gatlin and Turecek [19] and Van
Berkel et al. [15].

tensities of acidified cyt-¢ were normalized with
respect to those of tryptophane, loy_./ly,, and
shown in Fig. 3b. This plot clearly shows the en-
hancement of fluorescence in acidified cyt-c¢ with
increasing distance from the needle, suggests that
the fluorescence yield increases with the loss of
solvents. The relative intensity was measured with
the N, flow to clarify the effect of O, in air. Be-
cause the N, flow slightly changes the shape of the
electrospray plume, the absolute intensity of the
fluorescence is changed by the N, flow. However,
the relative fluorescence intensity shows almost
identical dependence on the distance from the
spray needle.

3.2. Fluorescence lifetime

The relative fluorescence yield shown in Fig. 3b
is given by Iey—c/lup = Heyi—ePeyt—c/Niep Perp, Where
Heyt—c, Mirp, Peyi—c, and Py, are the densities of flu-
orescent cyt-c and tryptophane and the fluores-
cence quantum yields of cyt-c and tryptophane,
respectively. Therefore, the observed increase of
the relative fluorescence yield is ascribed to either
the increase of Pey_./Pup OT Neyi—c/Nyrp, 1.€., the
increase of the fluorescence yield in each fluores-
cent cyt-c or the increase of the number of fluo-
rescent cyt-c.

The fluorescence quantum yield of the sprayed
cyt-c can be estimated from the fluorescence life-
times. The fluorescence decays were measured at 3
mm from the spray needle for the electrospray of
the tryptophane and acidified cyt-¢ solutions. Al-
though the lifetime measurement at longer dis-
tance from the needle is expected to provide more
direct information about the fluorescence quantum
yield, the fluorescence of cyt-c¢ at longer distance
was so weak that we could not accomplish the
lifetime measurement. The results are summarized
in Fig. 4. Dispersed fluorescence in the range of
350-360 nm is collected for these measurements.
The fluorescence decays of both electrosprayed
tryptophane and cyt-c solutions were character-
ized by single exponential decay functions, and
their lifetimes, 7.y and 1y, are determined to be
34+£0.3 ns and 1.9+0.3 ns, respectively. Al-
though tryptophane fluorescence shows a nonex-
ponential decay in solution, [20,21] the time
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Fig. 4. Time profiles of fluorescence detected in the electro-
sprayed tryptophane (a) and acidified cyt-c (b). Solid lines are
best fits of single exponential functions for the decays.

evolutions are characterized by single exponential
functions for both electrosprayed tryptophane and
cyt-c (acidified) solutions in this experiment *. The
lifetime of tryptophane determined in the electro-
spray is identical to the major component of its
lifetime in aqueous solution of pH =7 [20,21].
From these values, the relative quantum yield of
electrosprayed cyt-¢, Peyi—c/ Pup(= Teyt—e/Tup)s 18
established to be 0.6 at 3 mm from the needle.
Because this is significantly smaller than that esti-
mated for a random coil, 0.8 [22] a 30-40% in-
crease of the fluorescence yield is possible if the
conformation of fluorescent cyt-¢ changes to
the random coil by increasing the distance from
the needle and by losing solvents. However, the
increase shown in Fig. 3b is almost greater than
100%, which cannot be explained only by the in-
crease of the fluorescence yield of each fluorescent

3 42 values of both decays indicate no significant improvement
for double exponential fittings.

cyt-c. Therefore, the number of fluorescent cyt-c
must also be increased by the loss of solvents
through the electrospray.

The experimental results obtained here and the
acid-induced conformational changes studied in
solution and in vacuum are summarized as the
following. (1) In acidified solution, cyt-c takes
unfolded structure in which the distance between
the tryptophane residue and heme is increased and
the tryptophane fluorescence is not quenched
completely [10]. (2) In vacuum, it has been con-
firmed that highly protonated cyt-¢ ions, peak
population around 16+, are formed by the elec-
trospray of acidified solution [8,23]. Drift time
measurements and molecular dynamics studies
have suggested that these highly protonated cyt-c
ions have an unfolded conformation [6,7]. (3) The
results obtained in this study show that the try-
ptophane fluorescence is enhanced by the loss of
solvation through the electrospray, and the en-
hancement is ascribed to the increase of the num-
ber of fluorescent cyt-c.

The fluorescence observed in the early stage of
the electrospray, near the spray needle, is probably
identical to that observed in the acidified solution,
i.e., fluorescence from cyt-c¢ unfolded by acid. The
highly protonated and unfolded cyt-c observed in
vacuum are still solvated in the spray studied here.
The solvents reduce intramolecular repulsive forc-
es, then allow some of highly protonated cyt-c to
have compact conformations which are not fluo-
rescent [24]. These highly protonated but compact
cyt-c could not be observed by the fluorescence
detection in the early stage of the spray as well as in
solution. The loss of the solvents may induce their
conformational changes to fluorescent cyt-c, which
could be responsible to the enhanced fluorescence
at the larger distance from the spray needle.

In the fluorescence studies of cyt-¢, the
quenching of the tryptophane fluorescence is as-
sumed to be due to proximity to heme. It may be
better to note the possibility of quenching by ox-
ygen in air. Oxygen may bound in a high affinity
site adjacent to the tryptophane and quench the
tryptophane fluorescence in the compact form of
cyt-c. The conformational change of cyt-c may
increase the distance between oxygen and trypto-
phane residue or release oxygen to enhance the
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fluorescence. However, as described in the previ-
ous section, replacement of air with N, shows no
significant change in the relative intensity of fluo-
rescence and its dependence on the distance from
the needle. Therefore, it is concluded that the
quenching arising from oxygen is unlikely.

Here, we successfully achieve the fluorescence
detection of electrosprayed cyt-c. These results
provide unique information about the conforma-
tional change of cyt-c which can connect gas-phase
mass spectrometric studies and optical studies in
solutions. Although the study here is limited to the
electrospray plume in air, it is an important step to
apply the fluorescence detection technique to the
protein in vacuum under controlled hydration and
charged conditions.
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