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Fluorescence probe of polypeptide conformational
dynamics in gas phase and in solution
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Abstract

Fluorescence measurements of polypeptides derivatized with the fluorescent dye BODIPY TMR have been used to probe the polypeptide
conformational dynamics as a function of temperature and charge state. Measurements of (BODIPY TMR)-[Pro]n-Arg-Trp and (BODIPY TMR)-
[Gly-Ser]m-Arg-Trp have been performed for charge states 1+ and 2+ ofn = 4 and 10 andm = 2 and 5. The 2+ charge states of both of these
polypeptides exhibit similar temperature dependences for equal chain lengths (n = 4,m = 2 andn = 10,m = 5) and suggest conformations dominated
by Coulomb repulsion. In the absence of such Coulomb repulsion, the 1+ charge state conformations appear to be characterized by the flexibility of
t urements
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he polypeptide chain for which [Gly-Ser]m > [Pro]n. Comparisons of these gas phase polypeptide measurements with corresponding meas
n solution provide a direct measure of the effects of solvent on the conformational dynamics. The change in fluorescence as a function of
n the gas phase is two orders of magnitude greater than that in solution, a dramatic result we attribute to the restrictions on intramoleculs
mposed by diffusion-limited kinetics and the lack of shielding by solvent. Measurements were also made of unsolvated Pron peptides without th
ryptophan (Trp) residue to isolate the interaction of the fluorescent dye with charges.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Measurements of proteins in the gas phase, when compared
ith measurements made in solution, can provide deep insight

nto the effects of the solvent environment on the native molec-
lar structure and dynamics. The conformations of unsolvated
rotein and peptide ions have been probed using a wide variety
f techniques including ion mobility measurements[1–4], ion-
olecule[5–7] and dissociation[8–11] reactions, and infrared

pectroscopy[12]. We recently demonstrated the measurement
f conformational change occurring with increased tempera-

ure in unsolvated Trp-cage protein using fluorescence[13].
his novel experiment relies on fluorescence quenching by

ntramolecular collisions between a fluorescent dye linked to the
-terminus and a tryptophan (Trp) residue to follow the local
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changes in the Trp environment occurring during the unf
ing. Similar collision processes have been well-establishe
a probe of conformational change in solution[14–22]but have
not previously been studied in gas phase. Consequently,
is a lack of detailed knowledge about the specificity and s
tivity with which such dye–Trp collisions probe local structu
changes and about what additional interactions must be
into account.

Here, we present fluorescence measurements of unso
polypeptides (≤12 residues) judiciously selected to isolate
details of the quenching process. Polypeptides offer the pos
ity to study the dependence of the collision process on tem
ture, chain length and charge state independent of protein te
structure effects. As a result, the intramolecular collisions p
structural dynamics arising from temperature-induced flex
ity of the polypeptide, repulsive Coulomb interactions and
solvation of charges by the backbone. Analogous measure
in solution are also presented for comparison with the gas p
data. These experiments not only serve to characterize th
lision processes but also provide the basis for extendin
application of these fluorescence methods to analyses of c
387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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mational change in protein secondary structural elements and
non-covalent complexes.

2. Experimental

2.1. Materials

Peptides labeled with fluorescent dyes were synthesized by
BioMer Technology (Concord, CA) and purified by reversed-
phase HPLC to a stated purity of >70% prior to shipment. The
BODIPY® analog of tetramethylrhodamine, BODIPY TMR,
was obtained from Molecular Probes (Eugene, OR). The molec-
ular structure and excitation and emission spectra of this dye
have been published elsewhere[23,24]. Heating solutions of
BODIPY TMR from 293 to 332 K results in a∼10–20%
change in the fluorescence emission intensity[24]. The peptide
sequences are (BODIPY TMR)-(P)nRW (n = 4 and 10, referred
to herein as “Pro4” and “Pro10”), (BODIPY TMR)-(P)nR (n = 4
and 10, “Pro4 sans Trp” and “Pro10 sans Trp”) and (BODIPY
TMR)-(GS)mRW (m = 2 and 5, “(GlySer)2” and “(GlySer)5”).
The dye is attached to the peptides via an aminohexanoate linker
and the C-termini of the peptides are amidated. Peptide chem-
ical structures are shown inFig. 1. Acetonitrile (>99.9%) and
distilled, deionized water were obtained from Fisher Scientific
(Fair Lawn, NJ) and VWR (West Chester, PA), respectively.
Electrospray solutions of the peptides are 10−5 M in 50% ace-
t

2.2. Mass spectrometry and fluorescence

Experiments are performed on a quadrupole ion trap mass
spectrometer that was designed and built in-house[25]. Ions are
formed by nanoelectrospray (nanoES)[26] from needles that
are pulled from 1.0 mm o.d. to 0.58 mm i.d. borosilicate glass
tubes using a micropipette puller (Model P-87, Sutter Instru-
ments, Novato, CA). The pulled nanoES needles have tips with
an inner diameter of∼3–5�m. The electrospray is initiated by
applying a potential of∼1 kV to a platinum wire (0.10 mm diam-
eter, Aldrich, Milwaukee, WI) inserted into the nanoES needle to
within 2 mm of the tip. A patch clamp holder (WPI Instruments,
Sarasota, FL) holds the wire and nanoES needle in place, with
the needle tip positioned approximately 3 mm from the sam-
pling aperture of the mass spectrometer. The droplets and ions
generated by nanoES are sampled from atmospheric pressure
through a 4.3 cm long stainless steel capillary (0.50 mm i.d.)
contained in a cylindrical copper block which is maintained at
333 K by cartridge heaters (Watlow, St. Louis, MO). The volt-
ages applied to the source ion optics are adjusted to optimize
the abundance of the ion of interest. Ions pass through differen-
tial stages of pumping and enter an octupole ion guide through
which they are transferred into the quadrupole ion trap. The ions
of interest are isolated using a combination of RF ramping and
SWIFT ejection. The electrodes of the ion trap and the helium
gas inlet are seated in a copper housing that is resistively heated
t
onitrile/50% water.
Fig. 1. Chemical structures of (a) (BODIPY TM
o temperatures as high as∼443 K with a precision of±1 K. The
R)-(P)nRW and (b) (BODIPY TMR)-(GS)mRW.
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Fig. 2. Diagrams of optics for (a) excitation and (b) detection of fluorescence of trapped gas phase ions.

background helium gas pressure is∼3× 10−6 Torr and is pulsed
to∼2× 10−4 Torr for ion loading and thermalization. (Indepen-
dent measurements have shown that the pressure within the ion
trap is higher by a factor of∼30–35 due to the low conductance
of the trap apertures.) Ions are thermalized in the trap for 1 s
at qz = 0.50 before measuring fluorescence. Under these condi-
tions the trapped ions undergo >105 collisions which equilibrate
the ions with the helium bath gas which is maintained at the
temperature of the trap electrodes. No significant loss of ions
or any fragmentation are observed on the time frame of these
experiments.

Diagrams of the excitation and detection configurations are
shown in Fig. 2a and b, respectively. The isolated ions of
interest are irradiated with a continuous wave Nd:YAG laser
(Millenia VIs, Spectra-Physics, Irvine, CA) for 100 ms at the
frequency doubled wavelength of 532 nm and an intensity
of 132 W/cm2. The Gaussian laser beam diameter has been
decreased to∼220�m to eliminate scattering of the light on
the electrodes and apertures of the trap. The laser–ion interaction
volume is∼10−5 cm3, or∼3–15% of the total ion cloud volume,
depending on the trap temperature and operating parameters.
The overlap between the laser and the ion cloud is optimized
by alignment of the laser and by adjustment of the dc bias
applied to the endcaps of the trap (the latter alters the position
of the ion cloud within the trap). The emitted light is collected
t lter t
i ing
o nics
H 1 mm
a mit-
i the
l tec-
t ction
d trate
p ions
a ul-

tiplier (K & M Electronics, West Springfield, MA). Twenty-five
replicate fluorescence measurements are performed for each
data point. Each set of measurements is performed two times
on different days and the day-to-day reproducibility is within
±20%.

2.3. Fluorescence spectroscopy

Fluorescence emission and excitation spectra of species in
solution are measured on a Model J-810 spectrometer (Jasco,
Easton, MD). The excitation wavelength is 540 nm and the exci-
tation and emission bandwidths are both 10 nm. The solutions
under study are contained in quartz cuvettes (1 cm pathlength;
Spectrocell, Oreland, PA) which are sealed with screw caps to
prevent solvent evaporation. The sample temperature is regu-
lated with a precision of±0.5 K by a Peltier effect temperature
controller (Model PFD-524S, Jasco). Solutions contain the ana-
lyte at 3× 10−6 M in water.

2.4. Error analysis

Error bars represent± one standard deviation from the mean
unless stated otherwise.

3. Results

3

ents of
g e
c S
a
( nd
3 tively.
T the
o of
hrough a triplet lens and passes through a bandpass fi
solate the emission band of BODIPY TMR before imping
n a gallium arsenide photomultiplier (Hamamatsu Photo
amamatsu City, Japan). The emitted light passes through
pertures before impinging on the photomultipliers, thus li

ng the fluorescence collection to a solid angle defined by
aser–ion cloud interaction volume and minimizing the de
ion of background laser scattering. Zero background dete
uring the laser excitation pulse is achieved, as demons
reviously[25]. After the fluorescence measurement, the
re ejected atqz = 0.908 and detected by a channel electron m
o

,

d

.1. Peptides in gas phase

The experimental sequence for fluorescence measurem
as phase peptide ions is illustrated inFig. 3. Fig. 3a shows th
harge state distribution of the peptide Pro4 formed by nanoE
nd trapped in the quadrupole ion trap, with the (M + H)+,
M + 2H)2+ and (M + 3H)3+ ions, denoted herein as 1+, 2+ a
+, formed at 84, 100 and 19% relative abundance, respec
he ion of interest, e.g., the 1+, is isolated by ejection of
ther ions from the trap (Fig. 3b). The fluorescence of the ion
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Fig. 3. Experimental sequence for fluorescence measurement of gas phase
peptide ions. (a) Charge state distribution of positive ions of the peptide,
Pro4, formed by nanoES. Charge states (M + H)+, (M + 2H)2+ and (M + 3H)3+,
denoted, respectively, as 1+, 2+ and 3+, are formed. (b) Isolation of the 1+ charge
state. (c) Fluorescence intensity of the 1+ ion measured over 100 ms (solid line).
The average background signal (dotted line) is∼50 CPS.

interest is then measured over 100 ms. In this typical example
the average signal-to-noise ratio is∼400 for∼200 ions in the
laser interaction volume (Fig. 3c).

3.1.1. Relative intensities
Fluorescence measurements were performed at 303, 333,

363, 403 and 438 K for each of the peptide ions of interest. For
the 1+ charge state of Pro4, the fluorescence intensity per ion
decreases 70% as the temperature is increased from 303 to 438 K
(Fig. 4a). The intensity of the Pro10 1+ at 303 K is 18% lower
than that of Pro4 1+, however, the difference in intensity of these
two ions decreases with increasing temperature and the intensi-

Fig. 4. Normalized fluorescence intensity per ion measured as a function of
temperature for the (a) 1+ and (b) 2+ charge states of Pron for n = 4 (triangles)
andn = 10 (squares), with best-fit lines to the data.

ties converge at the highest temperatures investigated (Fig. 4a).
In contrast with the results of the 1+ ions, the intensity of Pro4 2+
at 303 K is 22% lower than that of Pro10 2+, and the intensities
of these ions decrease essentially in parallel (by 52 and 55%,
respectively) as the temperature is increased to 438 K (Fig. 4b).
The intensity of (GlySer)2 1+ at 303 K is 16% lower than that
of (GlySer)5 1+, and the intensities of these ions decrease 64
and 70%, respectively, as the temperature is increased to 438 K
(Fig. 5a). Similarly, the intensity of (GlySer)2 2+ is 18% lower
than that of (GlySer)5 2+ at 303 K, and the intensities of these
ions decrease 62 and 57%, respectively, as the temperature is
increased to 438 K (Fig. 5b).

Table 1
Fluorescence intensities and slopes of intensity vs. temperature of 1+ and 2+ charge states of peptides in gas phasea

Peptide 1+ Intensity (CPS/N)b 1+ Slope (CPS/N K)c 2+ Intensity (CPS/N)b 2+ Slope (CPS/N K)c

Pro4 13.3± 0.9 −0.0758± 0.0059 6.3± 0.4 −0.0328± 0.0022
Pro4 sans Trp 11.0± 0.3 −0.0443± 0.0024 5.1± 0.1 −0.0151± 0.0026
Pro10 11.2± 1.0 −0.0531± 0.0043 8.1± 0.1 −0.0337± 0.0027
Pro10 sans Trp 10.3± 0.3 −0.0398± 0.0021 8.1± 0.2 −0.0288± 0.0017
(GlySer)2 10.3± 0.3 −0.0582± 0.0020 3.7± 0.1 −0.0219± 0.0015
(GlySer)5 12.3± 0.3 −0.0638± 0.0029 4.5± 0.1 −0.0184± 0.0015

a Stated errors are± one standard deviation from the mean.
b At 303 K.
c Slope of the best-fit line.
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Fig. 5. Normalized fluorescence intensity per ion measured as a function of tem-
perature for the (a) 1+ and (b) 2+ charge states of (GlySer)m for m = 2 (triangles)
andm = 5 (squares), with best-fit lines to the data.

3.1.2. Absolute intensities
For the ions of Pro4 and Pro10 the absolute fluorescence inten-

sities at 303 K decrease in the order Pro4 1+ > Pro10 1+ > Pro10
2+ > Pro4 2+ (Fig. 6). As the temperature is increased the inten-
sities of Pro4 1+, Pro10 1+ and Pro10 2+ converge to yield the
order of intensities Pro4 1+≈ Pro10 1+≈ Pro10 2+ > Pro4 2+ at

Fig. 6. Absolute fluorescence intensity per ion measured as a function of tem
perature for the 1+ and 2+ charge states of Pron, n = 4 and 10, with the best-fit
lines to the data.

Fig. 7. Absolute fluorescence intensity per ion measured as a function of tem-
perature for the 1+ and 2+ charge states of (GlySer)m, m = 2 and 5, with best-fit
lines to the data.

438 K (Fig. 6). For Pro4 and Pro10, the intensity of the 2+ ion at
303 K is 53 and 28% lower, respectively, than that of the 1+ ion,
and the rate of decrease in intensity with increasing temperature
for the 1+ ion is 131 and 58% larger, respectively, than that of
the 2+ ion (Table 1). For the ions of (GlySer)2 and (GlySer)5 the
absolute fluorescence intensities decrease in the order (GlySer)5
1+ > (GlySer)2 1+ > (GlySer)5 2+ > (GlySer)2 2+ for all temper-
atures investigated (Fig. 7). For (GlySer)2 and (GlySer)5, the
intensity of the 2+ ion at 303 K is 64 and 63% lower, respec-
tively, than that of the 1+ ion, and the rate of decrease in intensity
with increasing temperature for the 1+ ion is 168 and 247%
larger, respectively, than that of the 2+ ion (Table 1). From these
data it is apparent that (1) fluorescence intensity decreases with
increasing temperature, (2) for a given peptide, the 2+ charge
state exhibits a lower fluorescence intensity than the 1+ charge
state, (3) for a given peptide, the fluorescence intensity of the 1+
charge state decreases more rapidly with increasing temperature
than that of the 2+ charge state and (4) for a given charge state
and temperature, a higher fluorescence intensity is obtained with
the longer polypeptide chain with the notable exception of the
1+ ions of Pro4 and Pro10 (Fig. 4a).

3.2. Peptides in solution

Measurements of fluorescence as a function of temperature
w ea-
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t
a 30%,
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ere also performed in solution for comparison with the m
urements in gas phase. For Pro4 and Pro10, the fluorescenc
ntensity decreases 30 and 10%, respectively, as the tem
ure is increased from 275 to 343 K (Fig. 8a). For (GlySer)2
nd (GlySer)5, the fluorescence intensity decreases 55 and
espectively, over the same temperature range (Fig. 8b).

.3. Peptides sans Trp

Experiments were also performed in gas phase usingn
eptides that lack the C-terminal Trp residue to remove the
ibility for collisional quenching of BODIPY TMR fluorescen
y Trp. In contrast to the results obtained with Pro4 and Pro10,
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Fig. 8. Normalized fluorescence intensity of (a) Pron for n = 4 and 10 (repre-
sented by closed triangles and squares, respectively) and (b) (GlySer)m for m = 2
and 5 (open triangles and squares, respectively) measured in aqueous solution
(3× 10−6 M) as a function of temperature. The lines connecting the markers are
included to guide the eye.

the fluorescence intensities measured for 1+ ions of Pro4 sans
Trp are very similar to those of Pro10 sans Trp at all tempera-
tures investigated, and the intensities of the 1+ ions of both Pro4
sans Trp and Pro10 sans Trp decrease 55% as the temperature is
increased from 303 to 438 K (Fig. 9a). For the 2+ ions the inten-
sity of Pro4 sans Trp at 303 K is 37% lower than that of Pro10
sans Trp, and the intensities of these ions decrease 24 and 47%,
respectively, as the temperature is increased to 438 K (Fig. 9b).
The absolute fluorescence intensities decrease in the order Pro4
sans Trp 1+≈ Pro10 sans Trp 1+ > Pro10 sans Trp 2+ > Pro4 sans
Trp 2+ (Fig. 10). For Pro4 sans Trp and Pro10 sans Trp, the inten-
sity of the 2+ ion at 303 K is 53 and 21% lower, respectively,
than that of the 1+ ion, and the rate of decrease in intensity with
increasing temperature for the 1+ ion is 193 and 38% larger,
respectively, than that of the 2+ ion (Table 1).

4. Discussion

The fluorescence data shown in Section3 exhibit similar
qualitative dependences on temperature, charge state and chain
length. For each polypeptide chain an increase in temperature
yields a decrease in detected fluorescence, the rate of which
depends on charge state and chain length. The higher charge
state and shorter chain length produces lower fluorescence inten-

Fig. 9. Normalized fluorescence intensity per ion measured as a function of
temperature for the (a) 1+ and (b) 2+ charge states of Pron sans Trp forn = 4
(triangles) andn = 10 (squares), with best-fit lines to the data.

sities with the single exception of Pro4 and Pro10 in the 1+ state.
The 2+ charge state always shows a smaller rate of change with
temperature than the 1+ charge state. Notwithstanding these
commonalities, the absolute slopes and intensities inTable 1
indicate that there are significant quantitative differences. In the
following analysis these variations will be correlated with dif-
ferent polypeptide dynamics. The basis for these comparisons

Fig. 10. Absolute fluorescence intensity per ion measured as a function of tem-
perature for the 1+ and 2+ charge states of Pron sans Trp,n = 4 or 10, with best-fit
lines to the data.
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lies in the fact that the fluorescence variations rely on local inter-
actions of the dye with specific areas of the polypeptide chain.
These measurements identify two primary processes responsi-
ble for changes in dye fluorescence: intramolecular collisions
between the dye and the Trp residue and interactions between
the dye and charges.

4.1. BODIPY TMR–tryptophan interaction

Previous studies of fluorescence quenching in solution
[13,14,17,22]indicate that quenching can occur through contact
formation between Trp and the dye (interaction distance∼5Å).
Here, the requirement for dye–Trp collisions is not that the con-
formation describe a structural isomer in which the average
dye–Trp separation is reduced to≤5Å but that thefluctuations
of the dye–Trp separation about the average occur at a sufficient
rate to exhibit the observed quenching of the fluorescence. We
have performed solution-phase measurements (Meinen et al., in
preparation) of both bimolecular and intramolecular quenching
of BODIPY TMR fluorescence by Trp. Stern–Volmer analysis
of bimolecular quenching indicates that dynamic quenching is
approximately twice as efficient as static quenching. The results
of fluorescence quenching measurements combined with cyclic
voltammetry measurements of the BODIPY TMR redox poten-
tial yield convincing evidence for quenching via photoinduced
charge transfer (Meinen et al., in preparation;[27–31]). In this
p MR
f Trp
t e
e ng a
n

ially
i se t
d et-
i sum
t mi-
n

4

stud
i t
i ith
t rtur
b

E

w
t .
I
1 -
s ronic
s tiona
n

BOD
I e o
s gths

can approach∼5× 107 V/cm for collision impact parameters
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[36] of �µ =−0.54 D yields a maximum spectral blue shift of
∼17 nm at this separation neglecting shielding effects. Even for
such large fields, the rotational kinetic energy 3kT � µ0E for a
dipole moment ofµ0 = 3.3 D in the ground state[36]. In this case,
the dye orientation will fluctuate in the field during the radiative
lifetime, and as a result could reduce the average spectral shift.

A significant spectral shift also requires that the dye remain
in the presence of the charged residue for a time comparable
to the radiative lifetime∼5 ns of BODIPY TMR. Consider the
interaction potential which combines charge–dipole and charge-
induced–dipole interactions

V = −α0e
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2r4 − eµ0 cosθ

r2 (2)

Approximating the polarizability of BODIPY TMR by that of
anthracene[37], α0 ≈ 25Å3, yields an estimate of the attractive
well depth ofV ≈ 1 eV at the van der Waals separation of∼4Å.
An interaction potential of this strength could maintain a prox-
imity between BODIPY TMR and the charged residue during
the radiative lifetime of the dye. Such localization of the dye at
the protonated Arg has been observed in preliminary molecular
dynamics simulations.
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.3. Polypeptide dynamics

The preceding discussion presented the feasibility of
esses leading to fluorescence variations via intramole
ynamics, the details of which will be further investigated
lanned molecular dynamics simulations. These processes
basis for a probe of polypeptide dynamics which depend

ocal interactions. The rate of intramolecular collisions betw
he dye and specific amino acid residues clearly depends o
osition of the residue. As a result, the fluorescence mea
s a function of temperature can be interpreted in terms o
osition which is a function of the polypeptide conformat
ecause the charge state is an important factor determinin
pectral shifts, Coulomb repulsive forces and charge-ind
tructural changes, we organize the discussion for the va
eptide sequences by charge state.

.3.1. 1+ Charge state
The overall decrease in fluorescence intensity with incr

ng temperature follows from the increased fluctuations o
olypeptide backbone and side chains. For the 1+ ions of4
nd Pro10, the fluorescence intensity and rate of change

emperature depend on whether Trp is present. For both
engths (n = 4 and 10) the presence of Trp results in higher fl
escence intensities and a larger rate of change with tempe
Table 1). Although the origin for these results is unclear,
ossibility is smaller intramolecular collision rates in the p

ides containing Trp stemming from larger separations betw
he dye and the Trp/charge positions. In all 1+ ions the proton
ite is the Arg residue adjacent to Trp. The Trp dipole mom
n the ground state of 2.13 D[38] and the large polarizability o

12Å3 [39] suggests that it is potentially a major contributor
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solvating the adjacent charge, so that distortion of the polypep-
tide backbone induced by the charge is decreased. Pi-cation
interactions are well-documented[40] and preliminary molec-
ular dynamics simulations indicate that the Trp and Arg side
chains can approach each other to within≤5Å (to be presented
elsewhere). This interaction between Trp and the charge may
also increase the fluorescence through reduction of the local elec-
tric field, thus decreasing the perturbation of the dye. However, in
the absence of Trp the curvature of the peptide would increase to
enable the charge to be solvated by backbone functional groups,
e.g., carbonyl oxygens. Such curvature as well as the reduced
number of amino acids decreases the end-to-end separation and
increases the intramolecular collision rate yielding lower flu-
orescence. The larger slopes in the presence of Trp (Table 1)
suggest that the combined effects of Trp and charge–dye inter-
actions produce a larger decrease in fluorescence with increasing
temperature than charge–dye interactions alone. Since the sol-
vation effects result from an interaction between the Trp and
charge, the effects of Trp and the charge on the fluorescence
will not be additive.

The dependence of fluorescence on chain length for Pro4
and Pro10 results from the combination of two dynamics: intrin-
sic inflexibility of polyproline chains and intramolecular colli-
sion rates. Although the Pro10 fluorescence should be greater
assuming a smaller collision rate for the larger dye–Trp/charge
separation, apparently the larger fluctuations of curvature pos-
s the
fl r
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Table 2
Relative slopes of intensity vs. temperature of peptides in solutiona

Peptide Relative slopeb (arb units K−1 × 10−3)

Pro10 −1.5 ± 0.2
Pro4 −4.6 ± 0.2
(GlySer)5 −4.7 ± 0.2
(GlySer)2 −8.2 ± 0.3

a Fit uncertainties are± one standard deviation.
b Slope of the best-fit line.

dent of whether Trp is present. This suggests that the nearby
charge dominates the reduction in fluorescence. As the temper-
ature increases, so does the frequency of backbone fluctuations
which result in dye–Trp and dye–charge interactions which
reduce fluorescence. However, the Coulomb repulsion continues
to constrain flexibility, depending on the peptide, which results
in generally smaller slopes for the 2+ state than for the 1+ state.

4.4. Solution measurements

Measurements of Pron and (GlySer)m fluorescence as a func-
tion of temperature were performed in aqueous solution at pH 7
for comparison with the results obtained in gas phase. Clearly,
the diffusion-limited kinetics will reduce collision rates but
perhaps a more significant difference will be the shielding of
charges by solvent. As a result, the dominant effects determin-
ing the slopes of fluorescence versus temperature will be the
dye–Trp collisions depending on chain length and the relative
peptide flexibility. The slopes provide a more reliable measure
of the peptide dynamics than the absolute fluorescence inten-
sities because they are unaffected by discrepancies in peptide
concentration. The relative slopes of fluorescence versus tem-
perature are shown inTable 2. The slope of the shorter chain
length (n = 4 andm = 2) is greater than that of the longer chain
length (n = 10 andm = 5) by a factor of 3 for Pron and a factor
o ion
r
S f
1 rel-
a r
t g the
r et-
i ence
d sure-
m ented
e

5

ctions
o rged
r nsity.
T lax-
a urring
w ith
a ls of
ible for Pro10 decreases the distance sufficiently to reduce
uorescence amplitude relative to Pro4. The smaller slope fo
ro10 relative to Pro4 suggests that increasing the tempera
roduces greater changes in the flexibility of the smaller c

ength. It is interesting to note that an apparent saturation o
ro4 variation occurs at higher temperatures as the fluores

or Pro4 and Pro10 converge (Fig. 4a).
The intrinsically large flexibility of the (GlySer)m peptides

implifies the interpretation of the fluorescence variation
emperature. In this case, the shorter chain length is not
trained and results in a smaller dye–Trp/charge separ
esulting in higher collision rates. Trajectories of the lon
hain explore a significantly larger phase space and so r
he collision rate. The relative slopes of (GlySer)2 and (GlySer)5
ndicate that increased temperature has a slightly greater
n the longer chain as the same phase space is traverse
apidly.

.3.2. 2+ Charge state
The most important change in the peptide dynamics fo

+ charge state derives from the presence of Coulomb r
ion. Because the first charge is on the C-terminal Arg res
he most probable position for the second charge is near t
erminal residue to minimize the Coulomb repulsion. Altho
he repulsive force will tend to reduce the flexibility of pept
hains, increasing temperature continues to decrease the
escence but the rates of change are different for the 1+ a
harge states (Table 1).

The fluorescence intensities of the 2+ ions at lower tem
tures are reduced relative to those of the 1+ ions by∼25%

or Pro10, ∼54% for Pro4 and∼64% for (GlySer)m indepen-
s

e

ct
re

l-
,
-

o-
+

-

f 1.7 for (GlySer)m. This is consistent with increased collis
ates for the shorter dye–Trp separations. The (GlySer)2 ((Gly-
er)5) slope is also greater than that of Pro4 (Pro10) by a factor o
.8 (3.1) due to the lower flexibility of poly(Pro) chains. The
tive slopes measured in solution are a factor of∼100 smalle

han the relative slopes measured in gas phase, reflectin
educed collision rates incurred by the diffusion-limited kin
cs. A more detailed discussion of these solution fluoresc
ata and their comparison with fluorescence lifetime mea
ents are beyond the scope of this paper and will be pres
lsewhere.

. Conclusions

These measurements on peptides have identified intera
f an attached dye with a Trp residue and also with cha
esidues as the basis for variations of the fluorescence inte
he Trp interaction leads to a quenching, non-radiative re
tion channel associated with a charge transfer process occ
ithin the collision complex. However, the dye interaction w
charged residue most likely perturbs the electronic leve
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the dye leading to shifts of the emission and excitation bands.
Although this is not a quenching process, it does result in flu-
orescence changes. Measurements of either the lifetime or the
dispersed spectrum in gas phase will allow fluorescence changes
due to quenching and charge interactions to be determined inde-
pendently. It should also be pointed out that having two processes
to apply that are dependent on local interactions greatly increases
the utility of these fluorescence techniques. However, in cases
for which a Trp residue is not involved, it will be an advantage
to be able to identify the most probable charge sites.

Fluorescence changes induced by local interactions in rather
simple peptide chains have been shown to reflect a wide array of
dynamical processes associated with changes in structure includ-
ing the effects of Coulomb repulsion, backbone flexibility and
charge-induced structure. The sensitivity of these measurements
to local interactions, combined with judicious selection of pep-
tide sequences and charge states for study, allows the individual
effects to be identified. The power of this technique for studying
conformational dynamics was demonstrated previously through
measurements of conformational change in the Trp-cage protein
[13], however, the extension of such studies to an arbitrary pro-
tein or peptide will require careful positioning of the dye and
the Trp or charged residues to uniquely associate the change in
fluorescence with a specific structural change.

The invaluable comparisons of the dynamical variations in
solution with those measured in gas phase indicate significant
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