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Biomolecule conformational change has been widely investigated in solution using several methods; however,
much less experimental data about structural changes are available for completely isolated, gas-phase
biomolecules. Studies of conformational change in unsolvated biomolecules are required to complement the
interpretation of mass spectrometry measurements and in addition, can provide a means to directly test
theoretical simulations of biomolecule structure and dynamics independent of a simulated solvent. In this
Feature Article, we review our recent introduction of a fluorescence-based method for probing local
conformational dynamics in unsolvated biomolecules through interactions of an attached dye with tryptophan
(Trp) residues and fields originating on charge sites. Dye-derivatized biomolecule ions are formed by
electrospray ionization and are trapped in a variable-temperature quadrupole ion trap in which they are irradiated
with either continuous or short pulse lasers to excite fluorescence. Fluorescence is measured as a function of
temperature for different charge states. Optical measurements of the dye fluorescence include average intensity
changes, changes in the emission spectrum, and time-resolved measurements of the fluorescence decay. These
measurements have been applied to the miniprotein, Trp-cage, polyproline peptides and to aâ-hairpin-forming
peptide, and the results are presented as examples of the broad applicability and utility of these methods.
Model fits to Trp-cage fluorescence data measured as a function of temperature provide quantitative information
on the thermodynamics of conformational changes, which are reproduced well by molecular dynamics. Time-
resolved measurements of the fluorescence decays of Trp-cage and small polyproline peptides definitively
demonstrate the occurrence of fluorescence quenching by the amino acid Trp in unsolvated biomolecules.

1. Introduction

Living organisms rely on proteins and other biopolymers to
carry out a wide range of biochemical processes, such as
recognition, transport, synthesis, and degradation, with high
specificity and efficiency. Although polymers can potentially
take on several possible conformations due to rotations about
single bonds, proteins have the capability to cooperatively fold
into a unique, native structure that exhibits a specific biological
activity.1,2 Understanding the details of how a stable three-
dimensional structure is produced from a given sequence of
amino acids remains a major challenge in physical chemistry
and molecular biology and has special relevance to the design
of industrial enzymes and protein therapeutics3 and to the
prevention, diagnosis, and treatment of several diseases, which
are believed to involve protein misfolding and aggregation.4-7

In condensed phase, structures can be determined at atomic-
level resolution using X-ray crystallography and NMR, and the
kinetics of folding and unfolding events can be studied using
time-resolved spectroscopy. The measurements of completely
isolated biomolecules in gas phase that complement condensed-
phase measurements are useful for elucidating the role of the
solvent environment in producing the native structure and

dynamics. Such measurements can be directly compared with
theoretical calculations as a means to test molecular dynamics
(MD)8,9 force fields independent of any explicitly or implicitly
simulated solvent. These simulations are simplified in gas phase
in which the dynamics depend only on interactions between
the different parts of the biopolymer and not on interactions
between the molecule and surrounding solvent. Gas-phase
experiments can also provide insight into the mechanisms
through which product ions are formed during tandem mass
spectrometry (MS/MS) measurements of protein and peptide
ions. MS/MS is an invaluable tool for proteomics, because it
can rapidly identify proteins in complex mixtures by providing
partial or total sequence information through the fragmentation
of gas-phase ions.10,11 It can also provide information that is
not directly available from the DNA sequence, such as the
identity and location of posttranslational modifications.12,13The
amount of information that can be obtained from MS/MS of a
large biomolecule (i.e., the abundance and locations of bond
cleavages) is believed to depend in part on the higher order
structure and/or dynamics of the gas-phase ions.14-17

Large biomolecules can be formed as ions in the gas phase
using electrospray ionization (ESI)18 or matrix-assisted laser
desorption/ionization (MALDI).19,20 In particular, ESI has the
capability to form extensively charged ions that makes possible
the measurement of high molecular weight species without
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exceeding the upper mass-to-charge (m/z) limits of mass
spectrometers such as ion traps. Several methods have been
developed to probe the structures of biomolecule ions in gas
phase including ion mobility spectroscopy,21-26 ion-molecule
reactions, such as proton transfer27 and hydrogen/deuterium
exchange,26,28dissociation induced by blackbody radiation29 or
captured electrons,30,31and infrared photodissociation spectros-
copy.32,33These methods have a demonstrated ability to detect
large-scale changes in the overall conformation of biopolymer
ions.

In our lab, we have been developing fluorescence-based
methods34 to probelocal conformational changes or fluctuations
in trapped gas-phase biomolecule ions. Initially, these methods
were applied to studies35 of oligonucleotide duplex melting by
measuring fluorescence resonance energy transfer (FRET)
between donor and acceptor dyes attached to the chain termini.
The observation36,37 of electron autodetachment from the
multiply charged oligonucleotide anions was identified in these
studies for the first time. The autodetachment process was found
to be an interesting mechanism that was quite sensitive to

temperature, charge state, and base sequence. However, depend-
ing on the base sequence, the electron loss process was
associated with bond cleavage and quenching, which compli-
cated the fluorescence analysis. Lower loss rates could be
achieved by reducing the temperature and charge state, but this
seriously constrained the range in which the gas-phase oligo-
nucleotides could be studied. Fluorescence methods have since
been applied to charged proteins,38,39 and it was found that
simpler configurations with a single fluorophore attached to the
biomolecule were sufficient to observe conformational changes.
This methodology relies on changes in the fluorescence emission
intensity or decay time that are induced by a strong interaction
between the covalently attached dye and an amino acid,
tryptophan (Trp), which quenches the dye fluorescence. Quench-
ing of the fluorescence through photoinduced electron transfer
(PET) results in nonradiative decay of the excited dye. This
approach, which has been used in solution for both ensemble
and single molecule studies,40-52 is sensitive to angstrom-scale
conformational fluctuations owing to the exponential depen-
dence of the PET rate on the fluorophore-quencher separa-
tion.53,54 In this Feature Article, we describe the application of
this method to the characterization of conformational changes
and fluctuations in unsolvated ions of proteins and peptides. In
contrast to solution measurements, the kinetic time scale is not
diffusion limited, and the attached dye probes the biomolecular
ion through interactions not only with Trp residues but also with
the Coulomb fields of the charges. These measurements are not
used to directly determine high-resolution structures of the gas-
phase biomolecules or the unfolding pathways. Instead, the
fluorescence data measured as a function of temperature are
used to thermodynamically and/or kinetically characterize
structural changes. Experiments are performed on different
charge states and on selected single-point mutants to isolate the
effects of individual electrostatic interactions on the biomolecule
stability and dynamics. The firsttime-resolVed measurements
of unsolvated biomolecular ions derivatized with a fluorescent
dye are presented that clearly demonstrate the occurrence of
fluorescence quenching through interactions with Trp.

2. Experimental Methods

2.1. Nanoelectrospray Ionization Mass Spectrometry.
Details of the instrumentation have been published else-
where.34,39 In brief, experiments are performed on a custom-
built quadrupole ion trap. Droplets and ions formed by
nanoelectrospray (nanoES) are sampled from atmospheric
pressure through a stainless steel capillary maintained at 333 K
and guided through an octupole ion guide into a quadrupole
ion trap that can be heated to temperatures as high as∼443 K.
The ions of interest are isolated by ejecting ions occurring at
higher or lowerm/z ratios using radio frequency (RF) ramping
and stored wave form inverse Fourier transform (SWIFT).55,56

The background helium gas pressure is maintained at∼3 ×
10-6 Torr and is pulsed to∼2 × 10-4 Torr for ion loading and
thermalization. (The pressure within the trap is∼30-35-fold
higher because of the conductance limits of the trap apertures.)
Ions are thermalized in the trap for 1 s before measuring
fluorescence atqz ) 0.50. The trapped ions undergo>105

collisions that equilibrate them with the bath gas, which is
maintained at the temperature of the trap. After measuring
fluorescence, the ions are ejected and detected using an electron
multiplier.

2.2. Fluorescence Spectroscopy.The apparatus developed
for these fluorescence measurements, which shows the primary
optical components in the laser beam path, is shown in
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Figure 1. The excitation optics shown in Figure 1a include a
beam-forming telescope to optimize overlap of the laser
beamwidth with the trapped ion cloud. The various irises and
light baffles are required to minimize the radiation forward-
scattered by optical elements that would be subsequently
scattered by the trap electrodes into the detection optics.
Fluorescence intensity measurements are performed by irradiat-
ing the trapped ions with 532 nm light (frequency doubled) from
a continuous wave
Nd:YAG laser (Millennia VIs, Spectra-Physics, Irvine, CA) for
100 ms at an intensity of 130 W/cm2. The Gaussian laser beam
diameter has been reduced to∼220 µm to minimize light
scattering on the trap apertures. The laser-ion cloud overlap is
further optimized by alignment of the laser and adjustment of
the DC bias voltage applied to the trap endcaps that alters the
cloud position. As shown in Figure 1b, fluorescence is collected
through a 25 mm diameter triplet lens and passes through a
band-pass filter (∼550-595 nm passed) (Chroma, Rockingham,
VT) before impinging on a Ga-As photomultiplier (Hamamat-
su, Hamamatsu City, Japan). A sharp cutoff long wave filter
(Chroma, Rockingham, VT) is required to minimize detection
of scattered laser radiation.

Twenty-five replicate measurements are performed for each
data point, and each set of measurements is performed at least
two times on different days. The day-to-day reproducibility of
absolute intensity is within( 20%. The fluorescence data
routinely exhibit a signal-to-noise (S/N) ratio in the range of
100-400 for∼200 ions in the laser interaction volume (∼2 ×
10-5 cm3). The high S/N achieved by the optics design in Figure
1 enables us to perform filtered fluorescence measurements on
small ion numbers. An example of this sensitivity is indicated
in Figure 2 for measurements of Rhodamine 640 fluorescence
vs the number of ions excited by 100 mW light of 532 nm in
a 220µm beamwidth. The use of such small numbers of ions
minimizes space charge interactions resulting in higher resolu-

tion mass spectrometry measurements of the trapped ions,
increased density ion clouds, and more reliable ion trajectory
simulations.

The dye fluorescence spectrum can be measured by adjusting
the mirror shown in Figure 1b to focus the fluorescence on the
entrance slit of a 0.3 m/f4 spectrometer (Andor, Belfast, Ireland).
The spectrum is detected by a linear 1600 element electron
multiplying charge-coupled device (CCD) (Andor, Belfast,
Ireland). Excitation at 532 nm is similar to filtered intensity
measurements, and the spectrum is measured between 540 and
700 nm. The spectra are recorded using Andor-Solis software,
and the fluorescence bandwidth and center wavelength shift are
measured as a function of temperature for each charge state.
These parameters are intrinsic to the biomolecule and help to
interpret the dynamics.

Several fluorescent dyes were screened at the outset of this
research to identify those whose radiative properties are not
significantly altered upon desolvation and heating. The dipyr-
rometheneboron difluoride (BODIPY) analogue of tetrameth-
ylrhodamine (BoTMR) was found to be ideal because it is
uncharged in solution, excited efficiently at 532 nm, and emits
with high quantum yield (>80%) exhibiting minimal solvent
and temperature dependence throughout the visible spectrum.35

The high-fluorescence S/N obtained with this dye allows for
excitation using low-laser intensities to minimize heating of the
gas-phase biomolecules. The laser-induced temperature increase
of trapped polypeptide ions in the helium background gas has
been measured to bee 3 K for an intensity of 130 W/cm2.
Clearly, the laser-induced heating of the ions would be more
severe if a natural fluorophore such as Trp, which has small
quantum yield (∼20%), were used instead of BoTMR.

2.3. Time-Resolved Fluorescence.The pulsed laser shown
in Figure 1a provides excitation using 532 nm light (frequency
doubled) from a mode-locked, diode-pumped, solid-state
Nd:YAG laser (Vanguard 2000-HM532, Spectra-Physics). The

Figure 1. Diagrams of optics for (a) excitation and (b) detection of fluorescence from trapped gas-phase ions.
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repetition rate is reduced from 80 to 20 MHz through pulse
picking by a transverse field modulator (Conoptics, Danbury,
CT) and the pulse width is 12 ps (full width at half-maximum,
fwhm). Emitted fluorescence is detected as described in the
preceding section. A histogram-accumulating real-time processor
(TimeHarp 200, PicoQuant, Berlin, Germany) is used for time-
correlated single photon counting. The average detected count
rate is maintained below 1% of the excitation rate to maintain
single photon counting statistics (i.e., to ensure a low probability
of detecting more than one photon per cycle). The resulting
fluorescence decay curves are deconvoluted and fit by a
stretched exponential model implemented in the FluoFit data
analysis package (version 4.0, PicoQuant).

2.4. Materials. Derivatized peptides are commercially syn-
thesized (BioMer Technology, Concord, CA) and purified by
reversed-phase HPLC to a stated purity of>70% prior to
shipment. The BODIPY analogue of tetramethylrhodamine
(BoTMR) is obtained from Invitrogen (Carlsbad, CA) with or
without an aminohexanoate linker (cat. no. D6117 and B10002,
respectively; the former is used unless otherwise noted). The
BoTMR chemical structures and excitation and emission spectra
have been published elsewhere.35,57 Attachment of BoTMR to
peptides does not significantly alter the emission or excitation
spectra (data not shown). Electrospray solutions contain the
analyte at 10-5 M in water or 50% acetonitrile/50% water.

3. Computational Methods

The MD simulations used for dye-Trp-cage analysis are
described in detail elsewhere.58,59 Briefly, simulations are
performed using GROMACS59 with the OPLS/AA force field.
The NMR structure60 is used as the initial conformation, and
energy minimization is performed by steepest descents. Replica
exchange61 is a method to overcome the problem of quasi-
ergodicity in molecular dynamics simulations arising from
trapping in local minima for long times and has proven to be a
useful method for sampling phase space. Replica exchange
simulations of 500 ns were performed at 16 different temper-
atures between 280 and 445 K. Calculations of the (M+ 2H)2+

ion were performed for two sets of protonation sites at Gln5
and Arg16 (Q5R16) and also at Lys8 and Arg16 (K8R16). For

the (M + 3H)3+ ion, calculations included a third charge on
the N-terminus in each set (N1 Q5R16 and N1 K8R16). The
carboxylic acid of the side chain of Asp9 is modeled in its
neutral (protonated) form. No cutoff is used for Coulomb and
van der Waals interactions, because all interactions are explicitly
calculated in vacuo (ε ) 1). The total number of hydrogen bonds
formed between all of the backbone carbonyl oxygens and any
other part of the molecule is calculated by summing the fractions
of instances each carbonyl oxygen is found to be participating
in a hydrogen bond during the simulation. The total number of
instances is 500 000, one for each ps of simulation time. The
“global” minimum energy structures are determined as described
previously.58 Root-mean-square deviations (RMSD) used to
compare different unsolvated structures with NMR structures
are calculated using theR-carbons of the polypeptide backbone.

4. Fluorescence Results and Discussion

4.1. Trp-Cage: Miniprotein Stability in Gas Phase and
in Solution. Andersen and co-workers60 reported a 20-residue
construct resulting from truncation and mutation of exendin-4,
which is a peptide isolated from Gila monster saliva that exhibits
stable secondary and tertiary structure in aqueous solution. This
protein, Trp-cage, is advantageous for the initial demonstration
of the fluorescence probe, because its structure has been
determined at high resolution by NMR,60 it is sufficiently small
for chemical synthesis to expedite the production of sequence
variants and site-specific derivatization with fluorescent dyes,
and its main chain conformation and side chain packing are
reproduced by MD as demonstrated by several groups.58,62-68

The sequence used in our studies, H2N-NLYIQWLKDGGPSS-
GRPPPSK(BoTMR)-ONH2, is the same as that reported by
Andersen and co-workers (sequence “TC5b”)60 except that the
C-terminus is amidated, and a lysine has been added to the
C-terminal end to allow for conjugation of the dye via the side
chainε-amine. The unfolding temperature,Tm, measured69 for
this molecule in aqueous solution in our lab is 323 K, which is
slightly higher than that of unmodified Trp-cage (314 K).60,70

The (M + 2H)2+ and (M+ 3H)3+ charge states are formed by
nanoES (Figure 3a). As shown in the example, isolation
spectrum and fluorescence data of the (M+ 3H)3+ ion in Figure

Figure 2. Background-subtracted fluorescence intensity measured as a function of the number of ions of the fluorescent dye, Rhodamine 640, in
the laser interaction volume. The laser beam diameter is 220µm (fwhm). The inset shows details fore20 ions.
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3, panels b and c, respectively, the mass spectral resolution is
sufficient to isolate and identify the unsolvated, nonadducted
protein ions, and the detected fluorescence intensity excited by
the continuous wave 532 nm laser is well above the background
noise (scattered light from the excitation laser).

The fluorescence intensity per trapped (M+ 2H)2+ ion is
essentially constant between 303 and 403 K and then decreases
by 30% upon further heating to 438 K (Figure 4a). For the (M
+ 3H)3+, the fluorescence intensity is unchanged from 303 to
363 K but then decreases by 75% upon further heating to 438
K (Figure 4b). Thus, the temperature-dependent fluorescence
of these protein ions exhibits a strong dependence on charge
state. In contrast, singly charged ions of the BoTMR dye, which
is not attached to the protein, exhibit a constant fluorescence
intensity over the entire temperature range (Figure 4c) indicating
that the changes observed in Figure 4, panels a and b, are caused
by interactions between the dye and the protein and not caused
by the intrinsic temperature-dependent photophysics of the dye.

A model71 describing the temperature dependence of fluo-
rescence quenching in the gas phase was derived assuming two-
state unfolding behavior. Briefly, it is assumed that the quencher,
Trp, becomes more accessible to interaction with BoTMR as
the fraction of unfolded proteins increases with increasing
temperature. Quenching is taken to be absent in the folded state
and to occur with a rate constant,kq, in the unfolded state:

The fluorescence intensity,I, is proportional toφ, the quantum
yield at a given temperature, andφ0 is the quantum yield for
the fully folded ensemble.øf andøu are the protein fractions in
the folded and unfolded states, respectively, whereøf ) [1 +
exp(-∆G/kT)]-1 andøu ) 1 - øf. Fits of this model to the data
are performed by varying the change in enthalpy,∆H, and
entropy,∆S, defining the free energy change,∆G ) ∆H -
T∆S. These fits that are shown in Figure 4 yield the thermo-
chemical parameters,∆H and∆S, associated with the confor-
mational change. The resulting fits display an insensitivity to
different models used to estimatekq, because in each case, it is
found thatkqτ0 . 1, a consequence of the gas-phase kinetics.

4.1.1. Molecular Dynamics/Fluorescence Comparison: Struc-
ture. Representative structures resulting from MD simulations
of the (M+ 2H)2+ and (M+ 3H)3+ ions (K8R16 and N1K8R16
charge configurations, respectively) of Trp-cage derivatized with
BoTMR are shown in Figures 5 and 6, respectively, alongside
the NMR structure.60 The backbone RMSD of the (M+ 2H)2+

and (M + 3H)3+ ions at 302 K from the NMR structure are
4.53 and 3.76 Å, respectively. It is apparent that the overall
backbone structures of the unsolvated ions at this temperature
are roughly similar to that of the native protein. At 445 K, the

Figure 3. Sample experimental sequence for fluorescence intensity
measurement of dye-derivatized Trp-cage ions. (a) Charge state
distribution formed by nanoES. (b) Isolation mass spectrum of the (M
+ 3H)3+ ion. (c) Fluorescence intensity of the (M+ 3H)3+ ion measured
over 100 ms (blue) compared with background noise due to scattered
excitation light (red).

φ/φ0 ) øf + 1
1 + kqτ0

øu (1)

Figure 4. Normalized fluorescence intensity per ion vs temperature
for the (a) (M+ 2H)2+ and (b) (M+ 3H)3+ ions of Trp-cage-BoTMR
and (c) monocations of BoTMR dye. Measured data points are denoted
by red markers and model fits to the data are delineated by blue curves.
Intensities are normalized to 303 K values.

Figure 5. Selected structures resulting from simulations of the (M+
2H)2+ ion (K8R16 charge configuration) of Trp-cage-BoTMR (red
backbone) at (a) 302 K and (c) 445 K compared with (b) the solution
structure determined by NMR (blue backbone; ref 60). The C- and
N-termini are denoted by “C” and “N”, respectively, and the BoTMR
dye, Trp, and charged residues are gray, green, and yellow, respectively.
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backbones of the 2+ and 3+ ions remain largely unchanged
(Figures 5c and 6c) with RMSD) 4.74 and 3.79 Å, respec-
tively.

These calculations indicate that the removal of the solvent
and the addition of two or three protons do not significantly
alter the overall main chain conformation at this temperature
and on this time scale, although side chain rotation is evident.
The calculated structures remain relatively compact at the higher
temperature as shown in Figures 5c and 6c. This is consistent
with the unfolded conformations for Trp-cage in solution
calculated by Pande and co-workers63 and suggests that the
fluorescence is probing the temperature dependence of the
conformational fluctuations of secondary structure rather than
large scale changes of the tertiary structure. The backbone of
the (M + 2H)2+ ion undergoes slight fluctuations upon heating
to 445 K (Figure 5c); however, that of the (M+ 3H)3+ can
undergo distortions in which the cage structure surrounding the
Trp is opened up, as shown in Figure 6c. Thus, the temperature-
dependent conformational dynamics exhibit a charge state
dependence that is qualitatively consistent with that observed
in the experiments.

4.1.2. Molecular Dynamics/Fluorescence Comparison: En-
ergetics.The ∆H and∆S, derived from model fits to the data
for the (M+ 2H)2+ and (M+ 3H)3+ ions of Trp-cage-BoTMR,
are shown in Table 1. The enthalpy changes derived from model
fits to the data for the (M+ 2H)2+ and (M + 3H)3+ ions of
Trp-cage-BoTMR are 182% and 52%, respectively, larger than
those in solution. The effects of Coulombic repulsion on
conformational change of unsolvated, multiply charged proteins
are estimated by considering the Coulombic energy released
due to an increase in separation between like charges. The
difference,∆ECoul, between the Coulombic energies of the final
(unfolded) and initial (folded) states is given by

Efold and Eunf are approximated by summing the pairwise
interactions between point charges in the folded and unfolded
states, respectively (using a dielectric polarizability of 1.3).72

The distances between the charge sites in the folded and
unfolded states are derived from MD simulations (described
above) performed at 302 and 445 K, respectively. The mea-
sured enthalpy change,∆H, is just the sum of the intrinsic
enthalpy of unfolding,∆Hint, and∆ECoul. Thus, the values of
∆Hint shown in Table 1 are calculated as∆Hint ) ∆H -
∆ECoul. For the purpose of calculating∆Hint, K8 and R16 were

used as charge locations for the (M+ 2H)2+ ion and N1, K8,
and R16 were used for the (M+ 3H)3+ ion. The values of∆Hint

for the (M + 2H)2+ and (M + 3H)3+ charge states are∼1%
and∼14% higher, respectively, than the corresponding values
of ∆H (Table 1).

Hydrogen bonds are likely to play an important role in
stabilizing the protein structure in gas phase owing to the several
hydrogen bond donor and acceptor groups, such as amide
nitrogens and carbonyl oxygens, of the polypeptide backbone.
Upon the removal of solvent water, which can form competing
intermolecular hydrogen bonds with solvent-exposed groups on
the protein, newintramolecular hydrogen bonds may be formed
among different parts of the protein, which may provide
additional stability to the folded structure.58,73 Such hydrogen
bond formation has been shown to stabilize unsolvated nonco-
valent complexes.74

The numbers of hydrogen bonds in the (M+ 2H)2+ and (M
+ 3H)3+ ions derived from MD simulations are plotted as a
function of temperature in Figure 7. For the K8R16 charge
configuration of the (M+ 2H)2+ ion, the number of hydrogen
bonds decreases by 2.4 between 302 and 445 K, which
corresponds to∼50-100 kJ/mol based on published hydrogen
bond energies.75,76 A direct quantitative comparison between
the decrease in the calculated number of hydrogen bonds and
the enthalpy change derived from model fits to the data for the
(M + 2H)2+ ion (Table 1) is difficult because the conformational
change is incomplete over this temperature range, as indicated
by the small changes in fluorescence measured at the highest
temperatures for this ion (Figure 4a). For the (M+ 3H)3+

configuration, N1K8R16, the calculated number of hydrogen
bonds decreases by 1.9 between 302 and 445 K, corresponding
to ∼40-80 kJ/mol.75,76This result agrees reasonably well with
the value of∆Hint for the (M+ 3H)3+ N1K8R16 configuration,
84 (( 11) kJ/mol (Table 1). The smaller uncertainties in the
derived thermochemical parameters of the (M+ 3H)3+ as
compared with those of the (M+ 2H)2+ ion (Table 1) are due
to the better model fits to the data that result from the more
complete conformational change of the higher charge state over
the temperature range investigated (Figure 4b).

The ∆S for the (M + 2H)2+ and (M + 3H)3+ ions are 98%
and 16% larger, respectively, than that measured in solution
(Table 1). One possible contributor to the discrepancies between
solution and gas phase is the lack of a “water ordering effect”.1

In solution, an unfolding event that results in a greater exposure
of hydrophobic residues to solvent imposes an entropic cost
due to the increased ordering of water molecules around the
newly exposed nonpolar surface. Because the water molecules
cannot form hydrogen bonds with the hydrophobic surface, they
form an ordered network around it by hydrogen bonding with
each other. The discrepancies between solution and gas-phase
entropy changes also may be due in part to changes in the
conformational flexibility of the folded and/or unfolded states
that stem from the loss of shielding by solvent. In the absence
of water, the positive charges (e.g., the protonated arginine side
chain) are expected to be solvated by polar functional groups
such as backbone carbonyl oxygens. The coordination of polar
backbone groups around the charges would effectively increase
the local order of the polypeptide backbone and charged side
chain(s).

Several types of interactions may potentially confer stability
to unsolvated proteins including hydrogen bonds, salt bridges,
and van der Waals interactions.1,2 In particular, a salt bridge
can potentially contribute∼60 kJ/mol in unsolvated pep-
tides depending on the basicities of the participating groups.77-79

Figure 6. Selected structures resulting from simulations of the (M+
3H)3+ ion (N1K8R16 charge configuration) of Trp-cage-BoTMR at (a)
302 K and (c) 445 K compared with (b) the solution structure
determined by NMR (ref 60). The C- and N-termini are denoted by
“C” and “N”, respectively. The color scheme is the same as that in
Figure 5.

∆ECoul ) Eunf - Efold < 0 (2)
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The NMR structure60 of Trp-cage suggests the existence of a
(+ - +) salt bridge between Lys8, Asp9, and Arg16. Trp-cage
variants in which Asp9 is replaced by Asn are poorly folded in
solution, as demonstrated in our lab71 and elsewhere,60 indicating
that the salt bridge is an important contributor to Trp-cage
stability in solution. (The Asp side chain is a carboxylic acid
which is negatively charged in solution but the Asn side chain
is the analogous amide, which is not charged. The Asp9fAsn
substitution breaks the+ - + salt bridge by eliminating the
negative charge.) In gas phase, however, the temperature-
dependent fluorescence data of the (M+ 2H)2+ and (M+ 3H)3+

ions of the single-point Trp-cage mutant, Asp9fAsn, are similar
to those of the unmutated ions (Figure 8) and the associated
thermochemical parameters are the same within statistical
uncertainty (Table 2). From this, we conclude that the salt bridge
is nota significant contributor to the stability of these unsolvated
ions with respect to the conformational change that occurs
between 303 and 438 K. One possible explanation for this is
that the salt bridge may cease to exist upon solvent removal
(i.e., a proton may be transferred from the positively charged,
protonated Lys8 to the negatively charged, deprotonated Asp9).
Alternatively, it may be that the salt bridge exists in the
unsolvated ions but is not broken during the conformational
change that occurs over the temperature range investigated.

To definitively identify the occurrence of quenching in Trp-
cage ions,time-resolVed measurements of the fluorescence
decays were performed as a function of temperature (the
occurrence of quenching results in a shorter fluorescence decay
time). As shown in Figure 9a, the measured decay time for the
(M + 3H)3+ ion is essentially unchanged between 303 and 363
K but then decreases from 10 to 7.7 ns upon further heating to
440 K. The change in decay time closely follows the change in
fluorescence intensity for this ion (Figure 9b). Quenching also
was observed in the (M+ 2H)2+ ions at higher temperatures
(the measured decay time of the (M+ 2H)2+ ion at 440 K was

34% shorter than that measured at 303 K; data are not shown).
The measured decay signals were fit with a stretched exponential
and displayed multiexponential behavior that increased with
temperature. This implies that the ensemble of fluorescing
biomolecules was not homogeneous. In particular, the confor-
mations for which the quenching rate,kq, is comparable to the
radiative rate (i.e.,kqτ0 ≈ 1) may represent a minor fraction of
the total fluorescence. In this case, the observed changes in
intensity may be small even though quenching is present.

4.2. Polyproline Peptides: Quenching vs Dye-Charge
Interactions. A more comprehensive understanding of the
processes which can produce changes in the fluorescence
intensity or decay time is necessary for the successful application
of these measurements to arbitrary biomolecules and noncova-

TABLE 1: Thermochemical Parameters Derived from Fluorescence Measurementsa

analyte charge state electrospray solvent ∆H (kJ/mol) ∆Hint (kJ/mol)b ∆S(J/mol‚K)

Trp-cage-BoTMR (M+ 2H)2+ aqueous 137( 52 139( 52 307( 120
Trp-cage-BoTMR (M+ 3H)3+ aqueous 74( 11 84( 11 180( 27
solutionc 48.6 155

a Stated errors are( one standard deviation from the mean.b Calculated using charge locations K8 and R16 for the (M+ 2H)2+ ion and N1, K8,
and R16 for the (M+ 3H)3+ ion. c Literature values (ref 70).

Figure 7. The total number of hydrogen bonds between the backbone
carbonyl oxygens and any other part of the molecule for the (M+
2H)2+ (K8R16 configuration; triangles) and (M+ 3H)3+ (N1K8R16;
squares) ions of Trp-cage-BoTMR, as determined from molecular
dynamics simulations. The lines connecting the data points are included
to guide the eye.

Figure 8. Normalized fluorescence intensity per ion vs temperature
for the (a) (M+ 2H)2+ and (b) (M+ 3H)3+ ions of Trp-cage-BoTMR
(closed squares) and the Trp-cage-BoTMR mutant in which Asp9 has
been replaced by Asn (open squares). Model fits to the data are
delineated by blue curves. Intensities are normalized to 303 K values.

TABLE 2: Differences between Thermochemical Parameters
for Ions of BoTMR-derivatized Trp-cage and the Trp-cage
Mutant in Which Asp9 Is Replaced with Asn

ion ∆(∆H) (kJ/mol) ∆(∆S) (J/mol‚K)

(M + 2H)2+ 16 ( 12 29( 30
(M + 3H)3+ 17 ( 19 44( 48
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lent complexes. Measurements were performed on the deriva-
tized peptides BoTMR-(Pro)n-Arg-Trp (n ) 4 or 10, “Pro4”
or “Pro10”, respectively) to study these processes independent
of tertiary structure effects. The chemical structure is shown in
Figure 10. Fluorescence intensities were measured at temper-
atures spanning the range of 303-438 K for each of the peptide
ions of interest. At 303 K, the intensity of the (M+ H)+ ion of
Pro10 is 18% lower than that of the corresponding ion of Pro4,
and the intensities of both ions decrease linearly with increasing
temperature; however, the decrease is more rapid for Pro4 than
for Pro10 such that the intensities converge at the highest
temperature investigated (Figure 11a). In contrast to the singly
charged ions, for the (M+ 2H)2+ ions, the intensity of Pro4 is
22% lower than that of Pro10 at 303 K, and the intensities of
these ions decrease essentially in parallel upon heating to 438
K (Figure 11b). The rate of intensity decrease with increasing
temperature is roughly 2 orders of magnitude higher in gas phase
than in solution, consistent with the diffusion-limited kinetics
of the dye-Trp interaction that exists in solution but not in gas
phase.39 To determine the extent to which the observed changes
in fluorescence are caused by quenching by Trp, the experiments
were repeated using the corresponding peptide ions which lack
the C-terminal Trp residue. For the (M+ H)+ ions, the
fluorescence intensities at a given temperature of Pro4 and Pro10

without Trp are comparable with an intensity decrease of 55%
between 303 and 438 K (Figure 12a). This result contrasts with
the significantly different intensities observed for the (M+ H)+

ions of Pro4 and Pro10, with Trp at low temperatures (Figure
11a). For the (M+ 2H)2+ ions, the intensity order observed at
all temperatures for the peptides with Trp, Pro10 > Pro4, is also

observed in the absence of Trp (Figure 12b). For all ions
investigated, the rate of intensity decrease with increasing
temperature is smaller for the peptide ions without Trp than
for the corresponding ions with Trp (Table 3). Thus, the presence
of Trp clearly affects the temperature-dependent fluorescence
intensity of these peptide ions.

To definitively identify the occurrence of quenching by Trp,
time-resolved measurements of the fluorescence decays were
performed as a function of temperature. Example decays of Pro4

(M + H)+ ions at low and high temperatures and the instrument
response function are shown in Figure 13. The instrument
response function (Figure 13a; green curve) is generated from
scattered excitation light and is measured to bee 0.5 ns. The
stretched exponential fits80 shown in Figure 13 have beta values
of ∼1.0 at 303 K and 0.7 at 438 K indicating the multiexpo-
nential behavior characteristic of fluorescence from a hetero-
geneous ensemble.

The decay times of the (M+ H)+ ions of Pro4 and Pro10

with Trp decrease 68 and 48%, respectively, over the temper-
ature range 303-438 K (Figures 14a and 15a; red markers and
lines), and the decay times of the respective (M+ 2H)2+ ions
decrease 39 and 33% over this temperature range (Figures 14b
and 15b). The shorter decay times observed at higher temper-
atures are consistent with increased conformational fluctuations
that bring the dye and Trp into contact for quenching. The order
of decay times, Pro10 > Pro4, is maintained throughout the entire
temperature range for the (M+ H)+ ion (Figures 14a and 15a);
however, for the (M+ 2H)2+ ion, this is Pro10 ≈ Pro4 (Figures
14b and 15b). The apparent insensitivity of the decay time to
chain length observed for the (M+ 2H)2+ ion may be because
of the Coulombic repulsion between the two positive charges
that restricts the dye-Trp interaction (the dye and Trp are
located at opposite termini; Figure 10). The time-resolved
measurements were repeated for identical polypeptides that do
not have the Trp residue. In contrast to the large decreases in
decay time observed upon heating the Trp-containing peptides,
the decay times of the peptides without Trp decrease by less
than 12% for both chain lengths, Pro4 and Pro10 (Figures 14
and 15, respectively; blue markers and lines), and charge states,
(M + H)+ and (M + 2H)2+.

For all of the work presented thus far, the BoTMR dye is
attached to the peptide via a flexible aminohexanoate linker.
Measurements were performed on peptides with Trp but without
the linker to determine whether the measured decay time is
sensitive to the decrease in accessible phase space that results
from more closely coupling the dye to the polypeptide backbone.
For the (M + H)+ ions, the decay times of Pro4 and Pro10

without the linker decrease by 37 and 31%, respectively,
between 303 and 438 K (Figure 16a). These net decreases are
smaller than those observed when the linker is present (68 and
48%, respectively; Figures 14a and 15a). For the (M+ 2H)2+

ions, the decay times of Pro4 and Pro10 without the linker
decrease by 29 and 19%, respectively, between 303 and 438 K
(Figure 16b), again exhibiting smaller changes in decay time
than when the linker is present (39 and 33%, respectively; Figure
14b and 15b). The smaller decreases in decay time observed in
the absence of the linker are consistent with a decreased dye-
Trp interaction because of an impaired ability of the dye to come
into close contact with the Trp, which is located on the opposite
terminus. Moreover, the increased rotational freedom provided
by the flexible linker is expected to facilitate the formation of
the optimum dye-Trp interaction geometry for quenching.47

The decrease in decay time with increasing temperature appears
to steepen at temperatures above 360 K (Figure 16a), possibly

Figure 9. Comparison of (a) fluorescence decay time and (b)
normalized fluorescence intensity per ion for the (M+ 3H)3+ ion of
Trp-cage-BoTMR measured as a function of temperature. Lines between
data points in (a) are included to guide the eye and the curve in (b)
delineates the model fit to the data.
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as a consequence of a conformational change that results in
increased dye-Trp quenching interactions. In general, coupling
the dye closely to the polypeptide backbone is expected to
provide superior sensitivity to more subtle conformational
changes, because the long, flexible linker has the effect of
damping smaller polypeptide conformational fluctuations with
respect to the fluorescent dye.

The time-resolved measurements presented here constitute
the first definitive demonstration of fluorescence quenching by
Trp in unsolvated peptides; however, another process besides
quenching also is playing a role in the measured fluorescence
as indicated by the significantly differentintensitiesmeasured
over a wide temperature range for different chain lengths of
doubly charged ions that lack Trp (Figure 12b). This may be
due to a dye-charge interaction. In the (M+ H)+ ions, the
proton is most likely located on the Arg side chain near the
C-terminus because of the high gas-phase basicity (GB) of Arg
(1007 kJ/mol).81 The exact location of the second proton in the

(M + 2H)2+ ion is not known; however, a reasonable location
is near the N-terminus to minimize Coulombic repulsion. This
would result in a closer dye-charge proximity in the (M+
2H)2+ ions than in the (M+ H)+ ions, because the dye is located
at the N-terminus.

The results shown in Figures 14 and 15 not only identify
Trp as the dominant quenching interaction but also suggest that

Figure 10. Chemical structure of the peptide Pron (n ) 4 or 10) derivatized with the dye BoTMR.

Figure 11. Fluorescence intensity per ion vs temperature for the (a)
(M + H)+ and (b) (M+ 2H)2+ ions of Pro4 (red) and Pro10 (blue) with
best-fit lines to the data.

Figure 12. Fluorescence intensity per ion vs temperature for the (a)
(M + H)+ and (b) (M + 2H)2+ ions of Pro4 (red) and Pro10 (blue)
without Trp with best-fit lines to the data.

TABLE 3: Slopes of Intensity vs Temperature for (M + H)+

and (M + 2H)2+ Ions of Poly(Pro) Peptidesa

peptide
(M + H)+ slope

(CPS/N‚K)b
(M + 2H)2+ slope

(CPS/N‚K)b

Pro4 -0.0758( 0.0059 -0.0328( 0.0022
Pro4 without Trp -0.0443( 0.0024 -0.0151( 0.0026
Pro10 -0.0531( 0.0043 -0.0337( 0.0027
Pro10 without Trp -0.0398( 0.0021 -0.0288( 0.0017

a Stated errors are( one standard deviation from the mean.b Slope
of the best-fit line.
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the dye-charge interaction does not introduce significant
quenching. However, the Coulomb fields of these charged
residues can have a pronounced effect on the radiative absorption
and emission82,83 of the dye. Measurements of the Stark effect
in solution82,83 have been performed with external applied
electric fields of∼105-106 V/cm.84 However, in gas phase,
the local Coulomb field strengths in biomolecular ions can be
significantly higher, approaching∼107-108 V/cm, due to the
lack of shielding by solvent. Stark effects can cause changes in
absorption by inducing spectral shifts, level splitting, and
changes in the transition-matrix element.

The shift of the absorption spectrum induced by the interac-
tion of dyes with electrostatic fields can be estimated by
considering the perturbation of the electronic ground and excited
states,S0 andS1, respectively, through interactions of the field
with the dipole moments associated with these states.84-86 The
energy separation,∆E, introduced by the field, EB, is ap-
proximated as

where∆µ is the difference between the ground and excited-
state dipole moments, and∆R is the difference in the polariz-
ability tensor. Blue shifts of∼20 nm are estimated39 for an
average field of 2× 107 V/cm based on parameters∆µ and
∆R measured for the BODIPY core molecule.87 A comparison
between the measured emission spectrum of Pro4 (M + H)+

ions with that of BoTMR in hexane (Figure 17a) indicates a
blue shift of the center wavelength of∼13 nm, which is
comparable to the∼20 nm estimate. Emission spectra measured
as a function of temperature (Figure 17b) indicate a shift to
longer wavelengths and a slight increase of the bandwidth with
increasing temperature. Conformational dynamics, which result
in fluctuations of the Coulomb field strength at the dye position,

produce a distribution of wavelength shifts about some mean
determined by the average conformation. As a result, the
temperature dependence of the emission spectrum will reflect
these changes in conformational fluctuations through shifts of
the emission peak wavelength and/or spectral broadening.
Preliminary measurements of the dye-modified Trp-cage exhibit
temperature-dependent spectral shifts and broadening, which are
strongly dependent on charge state (data not shown). These
spectral changes are related to increased fluctuations of the
conformation with temperature that tend to reduce the effects
of the Coulomb fields by averaging over angles implicit in
Equation 3. The field-induced shifts of the dye absorption
spectrum relative to the wavelength of the excitation laser (532
nm) would result in a decreased excitation rate and a consequent
decrease in fluorescence intensity.

In addition to changing the absorption and emission spectra,
there is a large body of evidence88-93 that electric fields can
strongly perturb the charge transfer process. In particular, the
strong Coulomb fields arising from the relatively unshielded
charges could significantly change the exothermicity of the
charge-transfer reaction. In this case, there may be optimum
separations that lead to efficient charge transfer and quenching
of the dye fluorescence.

The underlying processes responsible for the variation in
fluorescence intensity are highly dependent on the local fluctua-
tions of the dye, Trp, and the charged residues. Consequently,
these considerations reaffirm that these fluorescence measure-
ments are related to the conformational fluctuations and not a
static structure. Additional experiments and analysis are being
pursued to help unravel these local interactions leading to the

Figure 13. Example fluorescence decays of Pro4 (M + H)+ ions at
303 and 438 K (blue and red, respectively) and the instrument response
function resulting from scattered excitation light (a; green). Fits to the
measured decays by a stretched exponential model are delineated by
black curves. Linear and logarithmic intensity scales are used in (a)
and (b), respectively.

∆E ) E(S0) - E(S1) ) - ∆µb ‚EB - EB ‚∆R ‚EB (3)

Figure 14. Fluorescence decay time vs temperature for the (a) (M+
H)+ and (b) (M+ 2H)2+ ions of Pro4 with Trp (red) and without Trp
(blue) with best-fit lines to the data.
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intensity variations, but the general conclusion remains clear
that the fluorescence probe of conformational fluctuations can
yield valuable information regarding biomolecule dynamics in
gas phase.

4.3.â-Hairpin: Secondary Structure. The study of second-
ary structural elements such asR-helices andâ-sheets has been
expedited by the discovery of protein fragments and synthetic
peptides, which assume such structures outside the environs of
a larger protein.94 We have investigated a synthetic peptide
which assumes the minimal unit of an antiparallelâ-sheet, a
â-hairpin, in aqueous solution.95 The conformation of this
peptide is believed to be stabilized in part by hydrogen bonds
formed between the two strands,96 suggesting that the hairpin
structure may be retained in gas phase in which hydrogen
bonding is expected to be enhanced.73,74 The sequence, H2N-
GEWTYDDATKTFTVTEK(BoTMR)-CONH2, is the same as
that used by Mun˜oz et al. for solution-phase laser temperature
jump experiments,96 except that the C-terminal lysine side chain
is derivatized with BoTMR instead of dansyl. The quencher,
Trp, and the BoTMR fluorophore are located near opposite
termini, so the existence of the hairpin structure is expected to
result in a certain amount of quenching because of the close
dye-quencher proximity. Fraying or opening of the hairpin with
increasing temperature should then result in an increase in
fluorescence intensity and decay time because of the increase
in dye-Trp separation and accompanying decrease in quench-
ing. The fluorescence intensity per trapped (M+ 2H)2+ ion
decreases by 10% as the temperature is increased from 303 to
363 K but then increases by 52% upon further heating to 438
K (Figure 18a). For the (M+ 3H)3+ ion, the intensity at 303 K

is 83% higher than that of the (M+ 2H)2+ ion. The intensity
of the (M + 3H)3+ ion increases by 10% between 303 and 363
K but then decreasesby 73% as the temperature is further
increased to 438 K (Figure 18b). The intensity of the (M+
4H)4+ ion at 303 K is a factor of 14 lower than that of the (M
+ 3H)3+ ion. The intensity of this ion is essentially unchanged
between 303 and 333 K but then decreases by 82% upon further
heating to 438 K (Figure 18c). Thus, both the absolute intensities
at 303 K and the changes in intensity with temperature differ
dramatically for these three consecutive charge states of this
peptide. The increase in intensity observed upon heating the
(M + 2H)2+ ion by itself is qualitatively consistent with some
degree of retention of structure in gas phase that is opened up
or frayed at higher temperatures (i.e., the measured ensembles
may be mixtures of conformers of which some fraction exist
with compact conformations). Whether this compact conforma-
tion retains aâ-hairpin structure is uncertain.

To determine the extent to which the intensity changes of
the (M + 2H)2+ and (M+ 3H)3+ ions (Figure 18, panels a and
b, respectively) are due to quenching, time-resolved fluorescence
measurements were performed for these ions. For the (M+
2H)2+ ion, the fluorescence decay times at 307 and 438 K are
10.8 (( 0.3) and 7.8 (( 0.2) ns, respectively (Figure 19). The
long decay time measured at 307 K is comparable to that for
peptides without Trp (Figures 14 and 15), suggesting the absence
of significant quenching at this temperature, and the shorter
decay time measured at 438 K indicates an increase in quenching

Figure 15. Fluorescence decay time vs temperature for the (a) (M+
H)+ and (b) (M+ 2H)2+ ions of Pro10 with Trp (red) and without Trp
(blue) with best-fit lines to the data.

Figure 16. Fluorescence decay time vs temperature for the (a) (M+
H)+ and (b) (M+ 2H)2+ ions of Pro4 (red) and Pro10 (blue) with Trp
but without the flexible linker between the BoTMR dye and the peptide.
In (a), best-fit lines to the first three and to the last three data points
are shown for both Pro4 and Pro10, and in (b) lines have been fit to all
data points for Pro4 and Pro10.
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with heating. Thus, the intensity increase observed upon heating
the (M + 2H)2+ ion (Figure 18a) is not due to a decrease in
quenching of the dye by Trp. For the (M+ 3H)3+ ion, the
fluorescence decay times at 307 and 438 K are 10.1 (( 0.2)
and 9.1 (( 0.2) ns, respectively (Figure 19). Thus, the higher
intensity observed at 303 K for the (M+ 3H)3+ ion (Figure
18b) than observed for the (M+ 2H)2+ ion (Figure 18a) does
not appear to be because of a difference in quenching.
Alternatively, the different intensities of these two charge states
may be the result of dye-charge interactions. Theâ-hairpin is
fragile (Tm ) 297 K in aqueous solution)96 and possibly may
be altered by ionization and trapping.97 In any case, our
measurements indicate that the temperature-dependent confor-
mational dynamics of this biomolecule depend profoundly on
charge state. The locations of the ionizing protons are not
known, although for the (M+ 2H)2+ ion, the N-terminus and
the lysine at position 10 are reasonable guesses based on intrinsic
basicity.81 It is hoped that future measurements of the emission
spectra as a function of temperature, to definitively identify
charge-induced spectral shifts, combined with MD simulations
of a variety of possible charge configurations, will provide
further insight into the stability and dynamics of this basic
element of secondary structure.

5. Summary and Conclusions

Fluorescence has been used for a long time to study protein
conformational change in solution, but recently, we have applied
this powerful, sensitive technique to monitoring structural
changes or fluctuations in unsolvated protein and peptide ions
confined to an RF ion trap. Unlike methods that characterize
the overall molecular size, the fluorescence methodology detects
conformational changes that result in alterations of the molecular
environment surrounding a fluorescent dye that is attached to a
specific site in the biomolecule under investigation. For unsol-

vated ions of the small protein, Trp-cage, the onset temperature
for conformational change, as signaled by a decrease in
fluorescence intensity, is lower for the (M+ 3H)3+ ion than
for the (M + 2H)2+ ion, consistent with an unfolding event
that is promoted by greater Coulombic repulsion in the higher
charge state. The energetics of the conformational change can
be accounted for by a decrease in intramolecular hydrogen
bonding as indicated by preliminary MD simulations. The data
obtained for the Trp-cage mutant in which salt bridge formation
is blocked (Asp9fAsn) differ only slightly from that of

Figure 17. (a) Comparison of fluorescence emission spectra of BoTMR
dye in hexane solution (red) with that of (M+ H)+ ions of Pro4 (blue),
both at ambient temperature. (b) Fluorescence emission spectra of (M
+ H)+ ions of Pro4 at 298, 330, 368, and 403 K (black, blue, green,
and red, respectively).

Figure 18. Fluorescence intensity per ion vs temperature for the (a)
(M + 2H)2+, (b) (M + 3H)3+, and (c) (M+ 4H)4+ ions of theâ-hairpin
peptide. Measured data points are denoted by red markers and the blue
lines connecting the data points are included to guide the eye. The
inset in (c) shows the detail of the intensity change of the (M+ 4H)4+

ion.

Figure 19. Fluorescence decay time vs temperature for the (M+ 2H)2+

(red) and (b) (M+ 3H)3+ (blue) ions of theâ-hairpin peptide. The
lines connecting the markers are included to guide the eye.
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unmutated Trp-cage, indicating that the salt bridge (+ - +)
which is critical for fold stability in solution does not provide
a significant contribution to the stability in gas phase between
303 and 438 K.

Measurements of the fluorescence intensities, emission
spectra, and decay times of small polyprolines unequivocally
identify the occurrence of fluorescence quenching by tryptophan
as well as the effects of a dye-charge interaction. The latter
effect includes field-induced shifts in the excitation/emission
spectra of the dye and alterations of the thermodynamic driving
force for quenching. (The electrostatic fields in the unsolvated
ions are estimated to be∼1-2 orders of magnitude higher than
those in solution because of the absence of shielding by solvent
water.) Future experiments to distinguish between these two
effects will use designed small peptides in which the separation
between the charge and the dye is systematically varied.

The temperature-dependent fluorescence of aâ-hairpin-
forming peptide depends dramatically on charge state. The
increase in fluorescence intensity with increasing temperature
measured for the lowest charge state investigated, (M+ 2H)2+,
is qualitatively consistent with some retention of a compact
conformation in gas phase that is opened by heating. However,
the measured decay times indicate that this phenomenon is not
because of a decrease in quenching. MD simulations to provide
insight into the conformational dynamics leading to the mea-
sured changes in fluorescence and the hairpin stability in gas
phase are planned.

The experimental techniques described in this paper lay the
foundation for using fluorescence measurements combined with
theoretical calculations to probe the individual interactions that
stabilize higher order structure of biomolecules and noncovalent
complexes in the absence of the complicating effects of a
solvent. All of our work thus far has focused on small sequences
(<22 residues) to ensure that the experiments can be comple-
mented by reliable and reasonably fast MD simulations;
however, the methods outlined here can in principle be extended
to larger species and noncovalent complexes.
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