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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 griukigpan-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 dynamics. Such measurements can be directly compared with
theoretical calculations as a means to test molecular dynamics
(MD)&° 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

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.12 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

a?c_i rgolttec_ullar biology anddhas ?p_emtahl relevg?ce éotthihdes'gnpartial or total sequence information through the fragmentation
of industrial enzymes and protéin therapeutiend to the of gas-phase ion¥:11 |t can also provide information that is

prevsnlyon,ddlagnos:s, andttrgatme:tlgf seve(rjal dlseasi% Wh'crhot directly available from the DNA sequence, such as the
are believed to Involve protein mistoiding and aggregation. identity and location of posttranslational modificatiddd3The

:n ccl)nder;s;e_d phase,)(s,tructurest (I:Ian behdeteram'\llrll\;leg at Zt?rr]mcémount of information that can be obtained from MS/MS of a
evel resolution using X-ray crystallography an » andthe large biomolecule (i.e., the abundance and locations of bond

Elnetlcs olf fo(;dlng a;nd unfoldlpt? events can bet stufdled uISIr:gl cleavages) is believed to depend in part on the higher order
time-resolved Spectroscopy. the measurements of COMpIEElqy,o1re and/or dynamics of the gas-phase #6n%.

isolated biomolecules in gas phase that complement condensed- Large biomolecules can be formed as ions in the gas phase
phase measurements are useful for elucidating the role of theusinggelectrospray ionization (ESi)or matrix-assisteg IasF:ar
solvent environment in producing the native structure and desorptionfionization (MALDIY32° In particular, ESI has the
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and nonlinear behavior of atom-field interactions within lasing media. phase biomolecules or the unfolding pathways. Instead, the
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trapped atomic cluster ions using electron diffraction. Details of the instrumentation have been published else-

where343° In brief, experiments are performed on a custom-
built quadrupole ion trap. Droplets and ions formed by
exceeding the upper mass-to-charge/z] limits of mass nanoelectrospray (nanoES) are sampled from atmospheric
spectrometers such as ion traps. Several methods have beepressure through a stainless steel capillary maintained at 333 K
developed to probe the structures of biomolecule ions in gasand guided through an octupole ion guide into a quadrupole

phase including ion mobility spectroscopy2® ion—molecule ion trap that can be heated to temperatures as hightds K.
reactions, such as proton trandfeand hydrogen/deuterium  The ions of interest are isolated by ejecting ions occurring at
exchangé?®28dissociation induced by blackbody radiati®or higher or lowemvz ratios using radio frequency (RF) ramping

captured electron®31and infrared photodissociation spectros- and stored wave form inverse Fourier transform (SWIFF}.
copy3233These methods have a demonstrated ability to detect The background helium gas pressure is maintained3atx
large-scale changes in the overall conformation of biopolymer 107 Torr and is pulsed te-2 x 10~ Torr for ion loading and
ions. thermalization. (The pressure within the trap~80—35-fold

In our lab, we have been developing fluorescence-basedhigher because of the conductance limits of the trap apertures.)
method&* to probelocal conformational changes or fluctuations lons are thermalized in the traprfd s before measuring
in trapped gas-phase biomolecule ions. Initially, these methodsfluorescence at, = 0.50. The trapped ions undergol(®
were applied to studié%of oligonucleotide duplex melting by  collisions that equilibrate them with the bath gas, which is
measuring fluorescence resonance energy transfer (FRET)maintained at the temperature of the trap. After measuring
between donor and acceptor dyes attached to the chain terminifluorescence, the ions are ejected and detected using an electron
The observatiotf3” of electron autodetachment from the multiplier.
multiply charged oligonucleotide anions was identified in these  2.2. Fluorescence Spectroscopyhe apparatus developed
studies for the first time. The autodetachment process was foundfor these fluorescence measurements, which shows the primary
to be an interesting mechanism that was quite sensitive tooptical components in the laser beam path, is shown in
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Figure 1. Diagrams of optics for (a) excitation and (b) detection of fluorescence from trapped gas-phase ions.

Figure 1. The excitation optics shown in Figure la include a tion mass spectrometry measurements of the trapped ions,
beam-forming telescope to optimize overlap of the laser increased density ion clouds, and more reliable ion trajectory
beamwidth with the trapped ion cloud. The various irises and simulations.
light baffles are required to minimize the radiation forward- The dye fluorescence spectrum can be measured by adjusting
scattered by optical elements that would be subsequentlythe mirror shown in Figure 1b to focus the fluorescence on the
scattered by the trap electrodes into the detection optics. entrance slit of a 0.3 m/f4 spectrometer (Andor, Belfast, Ireland).
Fluorescence intensity measurements are performed by irradiat-The spectrum is detected by a linear 1600 element electron
ing the trapped ions with 532 nm light (frequency doubled) from multiplying charge-coupled device (CCD) (Andor, Belfast,
a continuous wave [reland). Excitation at 532 nm is similar to filtered intensity
Nd:YAG laser (Millennia Vls, Spectra-Physics, Irvine, CA) for  measurements, and the spectrum is measured between 540 and
100 ms at an intensity of 130 W/énThe Gaussian laser beam 700 nm. The spectra are recorded using Andor-Solis software,
diameter has been reduced 4220 um to minimize light and the fluorescence bandwidth and center wavelength shift are
scattering on the trap apertures. The laser-ion cloud overlap ismeasured as a function of temperature for each charge state.
further optimized by alignment of the laser and adjustment of These parameters are intrinsic to the biomolecule and help to
the DC bias voltage applied to the trap endcaps that alters theinterpret the dynamics.
cloud position. As shown in Figure lb, fluorescence is collected Several fluorescent dyes were screened at the outset of this
through a 25 mm diameter triplet lens and passes through aresearch to identify those whose radiative properties are not
band-pass filter{550-595 nm passed) (Chroma, Rockingham, - significantly altered upon desolvation and heating. The dipyr-
VT) before impinging on a GaAs photomultiplier (Hamamat-  rometheneboron difluoride (BODIPY) analogue of tetrameth-
su, Hamamatsu City, Japan). A sharp cutoff long wave filter yrhodamine (BoTMR) was found to be ideal because it is
(Chroma, Rockingham, VT) is required to minimize detection uncharged in solution, excited efficiently at 532 nm, and emits
of scattered laser radiation. with high quantum yield ¥ 80%) exhibiting minimal solvent
Twenty-five replicate measurements are performed for each and temperature dependence throughout the visible spegtrum.
data point, and each set of measurements is performed at leasthe high-fluorescence S/N obtained with this dye allows for
two times on different days. The day-to-day reproducibility of excitation using low-laser intensities to minimize heating of the
absolute intensity is withind= 20%. The fluorescence data gas-phase biomolecules. The laser-induced temperature increase
routinely exhibit a signal-to-noise (S/N) ratio in the range of of trapped polypeptide ions in the helium background gas has
100-400 for~200 ions in the laser interaction volumeZ x been measured to be 3 K for an intensity of 130 W/crh
1075 cm?). The high S/N achieved by the optics design in Figure Clearly, the laser-induced heating of the ions would be more
1 enables us to perform filtered fluorescence measurements orgevere if a natural fluorophore such as Trp, which has small
small ion numbers. An example of this sensitivity is indicated quantum yield £20%), were used instead of BoTMR.
in Figure 2 for measurements of Rhodamine 640 fluorescence 2.3. Time-Resolved Fluorescenc&he pulsed laser shown
vs the number of ions excited by 100 mW light of 532 nm in in Figure 1a provides excitation using 532 nm light (frequency
a 220um beamwidth. The use of such small numbers of ions doubled) from a mode-locked, diode-pumped, solid-state
minimizes space charge interactions resulting in higher resolu- Nd:YAG laser (Vanguard 2000-HM532, Spectra-Physics). The
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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 isu22@whm). The inset shows details far20 ions.

repetition rate is reduced from 80 to 20 MHz through pulse the (M + 3H)3" ion, calculations included a third charge on
picking by a transverse field modulator (Conoptics, Danbury, the N-terminus in each set (N1 Q5R16 and N1 K8R16). The
CT) and the pulse width is 12 ps (full width at half-maximum, carboxylic acid of the side chain of Asp9 is modeled in its
fwhm). Emitted fluorescence is detected as described in the neutral (protonated) form. No cutoff is used for Coulomb and
preceding section. A histogram-accumulating real-time processorvan der Waals interactions, because all interactions are explicitly
(TimeHarp 200, PicoQuant, Berlin, Germany) is used for time- calculated in vacucs(= 1). The total number of hydrogen bonds
correlated single photon counting. The average detected counformed between all of the backbone carbonyl oxygens and any
rate is maintained below 1% of the excitation rate to maintain other part of the molecule is calculated by summing the fractions
single photon counting statistics (i.e., to ensure a low probability of instances each carbonyl oxygen is found to be participating
of detecting more than one photon per cycle). The resulting in a hydrogen bond during the simulation. The total number of
fluorescence decay curves are deconvoluted and fit by ainstances is 500 000, one for each ps of simulation time. The
stretched exponential model implemented in the FluoFit data “global” minimum energy structures are determined as described
analysis package (version 4.0, PicoQuant). previously>® Root-mean-square deviations (RMSD) used to
2.4. Materials. Derivatized peptides are commercially syn- compare different unsolvated structures with NMR structures
thesized (BioMer Technology, Concord, CA) and purified by are calculated using thecarbons of the polypeptide backbone.
reversed-phase HPLC to a stated purity 70% prior to
shipment. The BODIPY analogue of tetramethylrhodamine 4. Fluorescence Results and Discussion
(BpTMR) is optained from Ir!vitrogen (Carlsbad, CA) with or 4.1. Trp-Cage: Miniprotein Stability in Gas Phase and
W|thout_an amlnohexanoa_lte linker (cat. no. D611_7 and B10002, ;, gq|ution. Andersen and co-workeéfsreported a 20-residue
respectively; the former is used unless otherwise noted). The o, gt resulting from truncation and mutation of exendin-4,
BoTMR chemmgl structures and (7eXC|tat|on and emission spectray, hich is a peptide isolated from Gila monster saliva that exhibits
have been published elsewhé?é’ Attachment of BOTMR to  gapie secondary and tertiary structure in aqueous solution. This
peptides does not significantly alter the emission or excitation ,yein Trp-cage, is advantageous for the initial demonstration
spectra (datas not shown). Electrospray solutions contain the ot e fiyorescence probe, because its structure has been
analyte at 10> M in water or 50% acetonitrile/50% water. determined at high resolution by NMR|t is sufficiently small
for chemical synthesis to expedite the production of sequence
variants and site-specific derivatization with fluorescent dyes,
The MD simulations used for dyeTrp-cage analysis are  and its main chain conformation and side chain packing are
described in detail elsewhet>® Briefly, simulations are reproduced by MD as demonstrated by several gréss8
performed using GROMACB with the OPLS/AA force field. The sequence used in our studiesNHNLYIQWLKDGGPSS-
The NMR structur® is used as the initial conformation, and GRPPPSK(BoTMR)-ONH is the same as that reported by
energy minimization is performed by steepest descents. ReplicaAndersen and co-workers (sequence “TC8b&xcept that the
exchang® is a method to overcome the problem of quasi- C-terminus is amidated, and a lysine has been added to the
ergodicity in molecular dynamics simulations arising from C-terminal end to allow for conjugation of the dye via the side
trapping in local minima for long times and has proven to be a chaine-amine. The unfolding temperaturg,, measuretf for
useful method for sampling phase space. Replica exchangethis molecule in aqueous solution in our lab is 323 K, which is
simulations of 500 ns were performed at 16 different temper- slightly higher than that of unmodified Trp-cage (314 %Yy°
atures between 280 and 445 K. Calculations of thei{I2H)>" The (M + 2H)?" and (M+ 3H)3* charge states are formed by
ion were performed for two sets of protonation sites at GIn5 nanoES (Figure 3a). As shown in the example, isolation
and Argl6 (Q5R16) and also at Lys8 and Arg16 (K8R16). For spectrum and fluorescence data of the-\8H)3" ion in Figure

3. Computational Methods
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Figure 3. Sample experimental sequence for fluorescence intensity - = 0.0, T
measurement of dye-derivatized Trp-cage ions. (a) Charge statem
distribution formed by nanoES. (b) Isolation mass spectrum of the (M .2 (c) BoTMR dye (monocations)
-+ 3H)%* ion. (c) Fluorescence intensity of the (M3H)%* ion measured E 1.2-
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3, panels b and c, respectively, the mass spectral resolution is 0.6
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protein ions, and the detected fluorescence intensity excited by ~ 0.2
the continuous wave 532 nm laser is well above the background 0.0+
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noise (scattered light from the excitation laser). 300 320 340 360 380 400 420 440
The fluorescence intensity per trapped M2H)2" ion is Temperature (K)
essentially constant between 303 and 403 K and then decreases
by 30% upon further heating to 438 K (Figure 4a). For the (M Figure 4. Normalized fluorescence intensity per ion vs temperature

. e for the (@) (M+ 2H)?** and (b) (M+ 3H)*" ions of Trp-cage-BoTMR
3+
+ 3H)*", the fluorescence intensity is unchanged from 303 to and (c) monocations of BOTMR dye. Measured data points are denoted

363 K bUt then decreases by 75% upon further heating to 438,y req'markers and model fits to the data are delineated by blue curves.

K (Figure 4b). Thus, the temperature-dependent fluorescenceintensities are normalized to 303 K values.

of these protein ions exhibits a strong dependence on charge

state. In contrast, singly charged ions of the BoTMR dye, which (a) (M+2H)** (b) NMR (solution)  (c) (M+2H)>*

is not attached to the protein, exhibit a constant fluorescence =~ T=302K T=445K

intensity over the entire temperature range (Figure 4c) indicating

that the changes observed in Figure 4, panels a and b, are cause

by interactions between the dye and the protein and not causec

by the intrinsic temperature-dependent photophysics of the dye.
A modef! describing the temperature dependence of fluo-

rescence quenching in the gas phase was derived assuming twc

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 constaft, in the unfolded state:

Figure 5. Selected structures resulting from simulations of the{M
1 2H)** ion (K8R16 charge configuration) of Trp-cage-BoTMR (red
¢/¢0 =y + " 1) backbone) at (a) 302 K and (c) 445 K compared with (b) the solution
1+ qu structure determined by NMR (blue backbone; ref 60). The C- and
N-termini are denoted by “C” and “N”, respectively, and the BoTMR

The fluorescence intensitl,is proportional tap, the quantum dye, Trp, and charged residues are gray, green, and yellow, respectively.

yield at a given temperature, amd is the quantum yield for

the fully folded ensembleg andy, are the protein fractions in 4.1.1. Molecular Dynamics/FIuorescence Comparis_on: SFruc-
the folded and unfolded states, respectively, where [1 + ture. Representative structures resulting from MD simulations
exp(AG/KT)] " andy, = 1 - . Fits of this model to the data  Of the (M+ 2H)*" and (M+ 3H)*" ions (K8R16 and N1K8R16

are performed by varying the change in enthalpyd, and  charge configurations, respectively) of Trp-cage derivatized with
entropy, AS defining the free energy changAG = AH — BoTMR are shown in Figures 5 and 6, respectively, alongside

TAS These fits that are shown in Figure 4 yield the thermo- the NMR structuré? The backbone RMSD of the (M- 2H)**
chemical parameter\H andAS, associated with the confor- and (M + 3H)*" ions at 302 K from the NMR structure are
mational change. The resulting fits display an insensitivity to 4.53 and 3.76 A, respectively. It is apparent that the overall
different models used to estimdig because in each case, itis backbone structures of the unsolvated ions at this temperature
found thatkyzo > 1, a consequence of the gas-phase kinetics. are roughly similar to that of the native protein. At 445 K, the
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Figure 6. Selected structures resulting from simulations of the{M
3H)*" 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.

backbones of the2 and 3t ions remain largely unchanged
(Figures 5¢ and 6¢) with RMSB-= 4.74 and 3.79 A, 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.

J. Phys. Chem. A, Vol. 110, No. 47, 20062719

used as charge locations for the M2H)2" ion and N1, K8,
and R16 were used for the (M 3H)3" ion. The values oAHn;

for the (M + 2H)?* and (M + 3H)3" charge states are1%
and~14% higher, respectively, than the corresponding values
of AH (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, nevintramolecular hydrogen bonds may be formed
among different parts of the protein, which may provide
additional stability to the folded structu?&’2 Such hydrogen
bond formation has been shown to stabilize unsolvated nonco-
valent complexe$?

The numbers of hydrogen bonds in the (M2H)?" and (M
+ 3H)®" ions derived from MD simulations are plotted as a
function of temperature in Figure 7. For the KBR16 charge
configuration of the (M4 2H)?" ion, the number of hydrogen
bonds decreases by 2.4 between 302 and 445 K, which
corresponds te-50—100 kJ/mol based on published hydrogen
bond energie$>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)*" ion (Table 1) is difficult because the conformational

The calculated structures remain relatively compact at the h_igherchange is incomplete over this temperature range, as indicated
temperature as shown in Figures 5c¢ and 6c¢. This is consistentyy the small changes in fluorescence measured at the highest

with the unfolded conformations for Trp-cage in solution
calculated by Pande and co-work&rand suggests that the

temperatures for this ion (Figure 4a). For the (M 3H)3"
configuration, N1K8R16, the calculated number of hydrogen

fluorescence is probing the temperature dependence of theygnds decreases by 1.9 between 302 and 445 K, corresponding
conformational fluctuations of secondary structure rather than {4 .40—80 kJ/mol?576 This result agrees reasonably well with

large scale changes of the tertiary structure. The backbone ofina yaiue 0fAHir for the (M + 3H)3* N1K8R16 configuration,

the (M + 2H)?* ion undergoes slight fluctuations upon heating
to 445 K (Figure 5c); however, that of the (M 3H)3* can

84 (& 11) kd/mol (Table 1). The smaller uncertainties in the
derived thermochemical parameters of the M3H)3" as

undergo distortions in which the cage structure surrounding the compared with those of the (M 2H)2* ion (Table 1) are due
Trp is opened up, as shown in Figure 6¢. Thus, the temperatureyq, the petter model fits to the data that result from the more

dependent conformational dynamics exhibit a charge state

complete conformational change of the higher charge state over

dependence that is qualitatively consistent with that observed o temperature range investigated (Figure 4b).

in the experiments.

4.1.2. Molecular Dynamics/Fluorescence Comparison: En-
ergetics.The AH andAS, derived from model fits to the data
for the (M + 2H)?" 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)?" 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 AEcou, between the Coulombic energies of the final
(unfolded) and initial (folded) states is given by
AECoul = Eunf - Efold <0 (2

Efoid @nd Eyns are approximated by summing the pairwise

The ASfor the (M + 2H)?™ 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”.

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

interactions between point charges in the folded and unfolded such as backbone carbonyl oxygens. The coordination of polar

states, respectively (using a dielectric polarizability of 123).

backbone groups around the charges would effectively increase

The distances between the charge sites in the folded andthe local order of the polypeptide backbone and charged side

unfolded states are derived from MD simulations (described
above) performed at 302 and 445 K, respectively. The mea-
sured enthalpy changé\H, is just the sum of the intrinsic
enthalpy of unfolding AHin;, and AEcoy. Thus, the values of
AHint shown in Table 1 are calculated a8Hi = AH —
AEcou. For the purpose of calculatimgHin;, K8 and R16 were

chain(s).

Several types of interactions may potentially confer stability
to unsolvated proteins including hydrogen bonds, salt bridges,
and van der Waals interactioh3.In particular, a salt bridge
can potentially contribute~60 kJ/mol in unsolvated pep-
tides depending on the basicities of the participating grégs.
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TABLE 1. Thermochemical Parameters Derived from Fluorescence Measurements

analyte charge state electrospray solvent AH (kJ/mol) AHint (kJ/moly AS (J/mokK)
Trp-cage-BoTMR (MH- 2H)?+ aqueous 13% 52 139+ 52 307+ 120
Trp-cage-BoTMR (M 3H)3+ agueous 7411 84+ 11 180+ 27
solutiorf 48.6 155

a Stated errors are: one standard deviation from the me&i€alculated using charge locations K8 and R16 for the{MH)?* ion and N1, K8,
and R16 for the (M+ 3H)3" ion. ¢ Literature values (ref 70).
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o “E. 04 O Mutant (data)
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Figure 7. The total number of hydrogen bonds between the backbone 3 12
carbonyl oxygens and any other part of the molecule for theM S
2H)?" (K8R16 configuration; triangles) and (M 3H)** (N1K8R16; =] 1.0
squares) ions of Trp-cage-BoTMR, as determined from molecular L
dynamics simulations. The lines connecting the data points are included g 0.8
to guide the eye. -_g 0.6
bl £ = Trp-cage (data)
The NMR structur® of Trp-cage suggests the existence of a & — Trp-cage (model fit)
(+ — +) salt bridge between Lys8, Asp9, and Arg16. Trp-cage 0.4 O Mutant (data)
variants in which Asp9 is replaced by Asn are poorly folded in - - Mutant (model fit)
solution, as demonstrated in our Tabnd elsewher® indicating 0.2 B
that the salt bridge is an important contributor to Trp-cage ‘®
stability in solution. (The Asp side chain is a carboxylic acid 0.0+, S S—
which is negatively charged in solution but the Asn side chain 300 320 340 360 380 400 420 440

is the analogous amide, which is not charged. The AsfSn
substitution breaks theé- — + salt bridge by eliminating the
negative charge.) In gas phase, however, the temperatureigure 8. Normalized fluorescence intensity per ion vs temperature
dependent fluorescence data of the-N2HY>" and (M-+ 3H)%" for the (a) (M+ 2H)** and (b) (M+ 3H)3** ions of Trp-cage-BoTMR
ions of the single-point Trp-cage mutant, AspAsn, are similar (closed squares) and the Trp-cage-BoTMR mutant in which Asp9 has
to those of the unmutated ions (Figure 8) and the associatedPeen replaced by Asn (open squares). Model fits to the data are
thermochemical parameters are the same within statistiCaldellneated by blue curves. Intensities are normalized to 303 K values.
uncertainty (Table 2). From this, we conclude that the salt bridge TABLE 2: Differences between Thermochemical Parameters

is nota significant contributor to the stability of these unsolvated for lons of BoTMR-derivatized Trp-cage and the Trp-cage

ions with respect to the conformational change that occurs Mutant in Which Asp9 Is Replaced with Asn

Temperature (K)

between 303 and 438 K. One possible explanation for this is ion A(AH) (kd/mol) A(AS) (I/motK)
that the salt bridge may cease to exist upon solvent removal™ "~ 2HR 16+ 12 29+ 30
(i.e., a proton may be transferred from the positively charged, (v + 3H)+ 17+ 19 44+ 48

protonated Lys8 to the negatively charged, deprotonated Asp9).
Alternatively, it may be that the salt bridge exists in the 34% shorter than that measured at 303 K; data are not shown).
unsolvated ions but is not broken during the conformational The measured decay signals were fit with a stretched exponential
change that occurs over the temperature range investigated. and displayed multiexponential behavior that increased with
To definitively identify the occurrence of quenching in Trp- temperature. This implies that the ensemble of fluorescing
cage ions,time-resobed measurements of the fluorescence biomolecules was not homogeneous. In particular, the confor-
decays were performed as a function of temperature (the mations for which the quenching ratg, is comparable to the
occurrence of quenching results in a shorter fluorescence decayadiative rate (i.e.k;to ~ 1) may represent a minor fraction of
time). As shown in Figure 9a, the measured decay time for the the total fluorescence. In this case, the observed changes in
(M + 3H)%" ion is essentially unchanged between 303 and 363 intensity may be small even though quenching is present.
K but then decreases from 10 to 7.7 ns upon further heating to  4.2. Polyproline Peptides: Quenching vs DyeCharge
440 K. The change in decay time closely follows the change in Interactions. A more comprehensive understanding of the
fluorescence intensity for this ion (Figure 9b). Quenching also processes which can produce changes in the fluorescence
was observed in the (M- 2H)2" ions at higher temperatures intensity or decay time is necessary for the successful application
(the measured decay time of the @M2H)?" ion at 440 K was of these measurements to arbitrary biomolecules and noncova-
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11 (a) (M+3H)3* decay time 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 af Pro
(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

Decay time (ns)
© o

(o]

7 scattered excitation light and is measured to<b8.5 ns. The
. . stretched exponential fdshown in Figure 13 have beta values

—~120 (b) (M+3H)3* intensity of ~1.0 at 303 K and 0.7 at 438 K indicating the multiexpo-
3\‘1 nential behavior characteristic of fluorescence from a hetero-
< 100 geneous ensemble.
% ¢ The decay times of the (M- H)* ions of Praq and Prqg
8 80 with Trp decrease 68 and 48%, respectively, over the temper-
- ature range 303438 K (Figures 14a and 15a; red markers and
5 60 lines), and the decay times of the respective-itM2H)?" ions
QCJ decrease 39 and 33% over this temperature range (Figures 14b
= 40 and 15b). The shorter decay times observed at higher temper-
- atures are consistent with increased conformational fluctuations
§ 20 that bring the dye and Trp into contact for quenching. The order
§ of decay times, Pr@ > Pra,, is maintained throughout the entire

0 temperature range for the (M H)* ion (Figures 14a and 15a);

320 360 400 440 however, for the (M 2H)2* ion, this is Prao ~ Proy (Figures
Temperature (K) 14b and 15b). The apparent insensitivity of the decay time to
Figure 9. Comparison of (a) fluorescence decay time and (b) Chain length observed for the (M 2H)*" ion may be because
normalized fluorescence intensity per ion for the ¢M3H)** ion of of the Coulombic repulsion between the two positive charges

Trp-cage-BoTMR measured as a function of temperature. Lines betweenthat restricts the dyeTrp interaction (the dye and Trp are
data points in (a) are included to guide the eye and the curve in (b) located at opposite termini; Figure 10). The time-resolved

delineates the model fit to the data. measurements were repeated for identical polypeptides that do
lent complexes. Measurements were performed on the deriva-10t have the Trp residue. In contrast to the large decreases in
tized peptides BoTMR (Pro}-Arg-Trp (n = 4 or 10, “Prq” decay time observed upon heating the Trp-containing peptides,

or “Proyg’, respectively) to study these processes independentthe decay times of the_peptldes without Trp dec_rease by less
of tertiary structure effects. The chemical structure is shown in than 12% for both chain lengths, Rrand Prqo (Figures 14
Figure 10. Fluorescence intensities were measured at temper@nd 15, respectively; blue markers and lines), and charge states,
atures spanning the range of 3088 K for each of the peptide (M + H)" and (M + 2H)*.

ions of interest. At 303 K, the intensity of the (M H)* ion of For all of the work presented thus far, the BoTMR dye is
Prow is 18% lower than that of the corresponding ion of £ro  attached to the peptide via a flexible aminohexanoate linker.
and the intensities of both ions decrease linearly with increasing Measurements were performed on peptides with Trp but without
temperature; however, the decrease is more rapid fortRam the linker to determine whether the measured decay time is
for Proyp such that the intensities converge at the highest sensitive to the decrease in accessible phase space that results
temperature investigated (Figure 11a). In contrast to the singly from more closely coupling the dye to the polypeptide backbone.
charged ions, for the (M- 2H)2* ions, the intensity of Prois For the (M + H)* ions, the decay times of Py@and Prag

22% lower than that of Pig at 303 K, and the intensities of ~ without the linker decrease by 37 and 31%, respectively,
these ions decrease essentially in parallel upon heating to 438etween 303 and 438 K (Figure 16a). These net decreases are
K (Figure 11b). The rate of intensity decrease with increasing smaller than those observed when the linker is present (68 and
temperature is roughly 2 orders of magnitude higher in gas phase48%, respectively; Figures 14a and 15a). For theNH)>*

than in solution, consistent with the diffusion-limited kinetics ions, the decay times of Pyand Prgo without the linker

of the dye-Trp interaction that exists in solution but not in gas decrease by 29 and 19%, respectively, between 303 and 438 K
phase® To determine the extent to which the observed changes (Figure 16b), again exhibiting smaller changes in decay time
in fluorescence are caused by quenching by Trp, the experimentghan when the linker is present (39 and 33%, respectively; Figure
were repeated using the corresponding peptide ions which lack14b and 15b). The smaller decreases in decay time observed in
the C-terminal Trp residue. For the (M- H)" ions, the the absence of the linker are consistent with a decreased dye
fluorescence intensities at a given temperature of &nd Prgg Trp interaction because of an impaired ability of the dye to come
without Trp are comparable with an intensity decrease of 55% into close contact with the Trp, which is located on the opposite
between 303 and 438 K (Figure 12a). This result contrasts with terminus. Moreover, the increased rotational freedom provided
the significantly different intensities observed for the {ivH)™* by the flexible linker is expected to facilitate the formation of
ions of Prq and Prgo, with Trp at low temperatures (Figure the optimum dye-Trp interaction geometry for quenchifg.
11a). For the (M+ 2H)?" ions, the intensity order observed at The decrease in decay time with increasing temperature appears
all temperatures for the peptides with Trp, Rre Praq, is also to steepen at temperatures above 360 K (Figure 16a), possibly
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Figure 11. Fluorescence intensity per ion vs temperature for the (a) Figure 12. Fluorescence intensity per ion vs temperature for the (a)
(M + H)* and (b) (M+ 2H)?* ions of Pra (red) and Prg (blue) with (M + H)* and (b) (M+ 2H)?>* ions of Prq (red) and Prg (blue)
best-fit lines to the data. without Trp with best-fit lines to the data.

as a consequence of a conformational change that results inTABLE 3: Slopes of Intensity vs Temperature for (M + H)*
increased dyeTrp quenching interactions. In general, coupling and (M + 2H)=" lons of Poly(Pro) Peptides

the dye closely to the polypeptide backbone is expected to (M + H)* slope (M + 2H)** slope
provide superior sensitivity to more subtle conformational peptide (CPS/NK)P (CPSINK)®

changes, because the long, flexible linker has the effect of pyq, —0.0758+ 0.0059  —0.0328+ 0.0022
damping smaller polypeptide conformational fluctuations with  Pro, without Trp —0.0443+0.0024  —0.0151+ 0.0026
respect to the fluorescent dye. Prow —0.0531+0.0043  —0.0337+ 0.0027

The time-resolved measurements presented here constitute Praowithout Trp —0.0398+ 0.0021  —0.0288+ 0.0017
the first definitive demonstration of fluorescence quenching by 2 Stated errors arg: one standard deviation from the me&slope
Trp in unsolvated peptides; however, another process besidesf the best-fit line.
guenching also is playing a role in the measured fluorescence
as indicated by the significantly differemttensitiesmeasured (M + 2H)?>" ion is not known; however, a reasonable location
over a wide temperature range for different chain lengths of is near the N-terminus to minimize Coulombic repulsion. This
doubly charged ions that lack Trp (Figure 12b). This may be would result in a closer dyecharge proximity in the (M+
due to a dye-charge interaction. In the (M- H)* ions, the 2H)?" ions than in the (Mt H)™ ions, because the dye is located
proton is most likely located on the Arg side chain near the at the N-terminus.
C-terminus because of the high gas-phase basicity (GB) of Arg The results shown in Figures 14 and 15 not only identify
(1007 kJ/molP! The exact location of the second proton in the Trp as the dominant quenching interaction but also suggest that
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Figure 13. Example fluorescence decays of P{M + H)* ions at 2
303 and 438 K (blue and red, respectively) and the instrument response
function resulting from scattered excitation light (a; green). Fits to the 0
measured decays by a stretched exponential model are delineated b L. . LT N L N BB
black curves. Linear and logarithmic intensity scales are used in (a) 300 320 340 360 380 400 420 440
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the dye-charge interaction does not introduce significant rigyre 14. Fluorescence decay time vs temperature for the (a)-(M
quenching. However, the Coulomb fields of these charged H)* and (b) (M+ 2H)?* ions of Prq with Trp (red) and without Trp
residues can have a pronounced effect on the radiative absorptioriblue) with best-fit lines to the data.

and emissio#?83 of the dye. Measurements of the Stark effect
in solutior?283 have been performed with external applied produce a distribution of wavelength shifts about some mean
electric fields of~10°P—10° V/cm 84 However, in gas phase, determined by the average conformation. As a result, the
the local Coulomb field strengths in biomolecular ions can be temperature dependence of the emission spectrum will reflect
significantly higher, approaching10’—10® V/cm, due to the these changes in conformational fluctuations through shifts of
lack of shielding by solvent. Stark effects can cause changes inthe emission peak wavelength and/or spectral broadening.
absorption by inducing spectral shifts, level splitting, and Preliminary measurements of the dye-modified Trp-cage exhibit
changes in the transition-matrix element. temperature-dependent spectral shifts and broadening, which are
The shift of the absorption spectrum induced by the interac- strongly dependent on charge state (data not shown). These
tion of dyes with electrostatic fields can be estimated by spectral changes are related to increased fluctuations of the
considering the perturbation of the electronic ground and excited conformation with temperature that tend to reduce the effects
states S and Sy, respectively, through interactions of the field of the Coulomb fields by averaging over angles implicit in
with the dipole moments associated with these st&8 The Equation 3. The field-induced shifts of the dye absorption

energy separationAE, introduced by the field, Eis ap- spectrum relative to the wavelength of the excitation laser (532
proximated as nm) would result in a decreased excitation rate and a consequent
R _ decrease in fluorescence intensity.
AE=ES) —ES)=—-Au-E—E-Aa-E (3) In addition to changing the absorption and emission spectra,

there is a large body of evideri®e® that electric fields can
where Au is the difference between the ground and excited- strongly perturb the charge transfer process. In particular, the
state dipole moments, antl is the difference in the polariz-  strong Coulomb fields arising from the relatively unshielded

ability tensor. Blue shifts 0f~20 nm are estimaté® for an charges could significantly change the exothermicity of the
average field of 2x 10’ V/cm based on parametersu and charge-transfer reaction. In this case, there may be optimum
Ao measured for the BODIPY core molec@feA comparison separations that lead to efficient charge transfer and quenching
between the measured emission spectrum of, fivb+ H)™* of the dye fluorescence.

ions with that of BOTMR in hexane (Figure 17a) indicates a  The underlying processes responsible for the variation in
blue shift of the center wavelength of13 nm, which is fluorescence intensity are highly dependent on the local fluctua-
comparable to the-20 nm estimate. Emission spectra measured tions of the dye, Trp, and the charged residues. Consequently,
as a function of temperature (Figure 17b) indicate a shift to these considerations reaffirm that these fluorescence measure-
longer wavelengths and a slight increase of the bandwidth with ments are related to the conformational fluctuations and not a
increasing temperature. Conformational dynamics, which result static structure. Additional experiments and analysis are being
in fluctuations of the Coulomb field strength at the dye position, pursued to help unravel these local interactions leading to the
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Figure 15. Fluorescence decay time vs temperature for the (aj(M
H)* and (b) (M+ 2H)>" ions of Prqo with Trp (red) and without Trp
(blue) with best-fit lines to the data.
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Figure 16. Fluorescence decay time vs temperature for the ()M
H)* and (b) (M+ 2H)?" ions of Prq (red) and Prg (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
intensity variations, but the general conclusion remains clear are shown for both Praand Prag, and in (b) lines have been fit to all
that the fluorescence probe of conformational fluctuations can data points for Prpand Prao.
yield valuable information regarding biomolecule dynamics in
gas phase. is 83% higher than that of the (M- 2H)?" ion. The intensity

4.3.4-Hairpin: Secondary Structure. The study of second-  Of the (M+ 3H)** ion increases by 10% between 303 and 363
ary structural elements such ashelices angs-sheets has been K but thendecreasesdy 73% as the temperature is further
expedited by the discovery of protein fragments and synthetic increased to 438 K (Figure 18b). The intensity of the (M
peptides, which assume such structures outside the environs oftH)*" ion at 303 K is a factor of 14 lower than that of the (M
a larger protei?* We have investigated a synthetic peptide + 3H)*" ion. The intensity of this ion is essentially unchanged
which assumes the minimal unit of an antiparaﬁ%heet' a between 303 and 333 K but then decreases by 82% upon further
Ig_hairpinl in aqueous solutio®. The conformation of this heating t0 438K (Figure 180) Thus, both the absolute intensities
peptide is believed to be stabilized in part by hydrogen bonds at 303 K and the changes in intensity with temperature differ
formed between the two stran¥ssuggesting that the hairpin ~ dramatically for these three consecutive charge states of this
structure may be retained in gas phase in which hydrogen peptlde The increase in intenSity observed upon heating the
bonding is expected to be enhancdéd! The sequence, M- (M + 2H)?*" ion by itself is qualitatively consistent with some
GEWTYDDATKTFTVTEK(BoTMR)-CONH,, is the same as ~ degree of retention of structure in gas phase that is opened up
that used by Miioz et al. for solution-phase laser temperature Or frayed at higher temperatures (i.e., the measured ensembles
jump e)(perimentgf,3 except that the C-terminal |ysine side chain may be mixtures of conformers of which some fraction exist
is derivatized with BoTMR instead of dansyl. The quencher, With compact conformations). Whether this compact conforma-
Trp, and the BoTMR fluorophore are located near opposite tion retains g3-hairpin structure is uncertain.
termini, so the existence of the hairpin structure is expected to To determine the extent to which the intensity changes of
result in a certain amount of quenching because of the closethe (M + 2H)?* and (M+ 3H)3*" ions (Figure 18, panels a and
dye-quencher proximity. Fraying or opening of the hairpin with b, respectively) are due to quenching, time-resolved fluorescence
increasing temperature should then result in an increase inmeasurements were performed for these ions. For thet(M
fluorescence intensity and decay time because of the increase2H)?" ion, the fluorescence decay times at 307 and 438 K are
in dye—Trp separation and accompanying decrease in quench-10.8 + 0.3) and 7.8 £ 0.2) ns, respectively (Figure 19). The
ing. The fluorescence intensity per trapped @M2H)2" ion long decay time measured at 307 K is comparable to that for
decreases by 10% as the temperature is increased from 303 t@eptides without Trp (Figures 14 and 15), suggesting the absence
363 K but then increases by 52% upon further heating to 438 of significant quenching at this temperature, and the shorter
K (Figure 18a). For the (M- 3H)3* ion, the intensity at 303 K decay time measured at 438 K indicates an increase in quenching
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B e el
with heating. Thus, the intensity increase observed upon heating 300 320 340 360 380 400 420 440
the (M + 2H)2* ion (Figure 18a) is not due to a decrease in Temperature (K)
quenching of the dye by Trp. For the (M 3H)*" ion, the Figure 18. Fluorescence intensity per ion vs temperature for the (a)

fluorescence decay times at 307 and 438 K are 1£.D.Q) (M + 2H)?*, (b) (M + 3H)%*, and (c) (M+ 4H)*" ions of theS-hairpin

and 9.1 & 0.2) ns, respectively (Figure 19). Thus, the higher peptide. Measured data points are denoted by red markers and the blue
intensity observed at 303 K for the (M 3H)3*" ion (Figure lines connecting the data points are included to guide the eye. The
18b) than observed for the (M 2H)2* ion (Figure 18a) does insetin (c) shows the detail of the intensity change of thet{ MH)**

not appear to be because of a difference in quenching.
Alternatively, the different intensities of these two charge states 7 -
may be the result of dyecharge interactions. Thg-hairpin is 10 (M+3H)
fragile (T, = 297 K in aqueous solutioff and possibly may a—d

be altered by ionization and trappiff.In any case, our ]
measurements indicate that the temperature-dependent conforg 6 | (M+2H)?*
mational dynamics of this biomolecule depend profoundly on + ]
charge state. The locations of the ionizing protons are not % =
known, although for the (M- 2H)?* ion, the N-terminus and

e (ns)

the lysine at position 10 are reasonable guesses based on intrinsi® 8

basicity®! It is hoped that future measurements of the emission e e e
spectra as a function of temperature, to definitively identify 300 320 340 360 380 400 420 440
charge-induced spectral shifts, combined with MD simulations

of a variety of possible charge configurations, will provide Temperature (K)

further insight into the stability and dynamics of this basic Figure 19. Fluorescence decay time vs temperature for the-{®RH)?"
element of secondary structure. (red) and (b) (M+ 3H)** (blue) ions of theB-hairpin peptide. The

lines connecting the markers are included to guide the eye.
5. Summary and Conclusions . .

vated ions of the small protein, Trp-cage, the onset temperature

Fluorescence has been used for a long time to study proteinfor conformational change, as signaled by a decrease in

conformational change in solution, but recently, we have applied fluorescence intensity, is lower for the (M 3H)3** ion than
this powerful, sensitive technique to monitoring structural for the (M + 2H)?" ion, consistent with an unfolding event
changes or fluctuations in unsolvated protein and peptide ionsthat is promoted by greater Coulombic repulsion in the higher
confined to an RF ion trap. Unlike methods that characterize charge state. The energetics of the conformational change can
the overall molecular size, the fluorescence methodology detectsbe accounted for by a decrease in intramolecular hydrogen
conformational changes that result in alterations of the molecular bonding as indicated by preliminary MD simulations. The data
environment surrounding a fluorescent dye that is attached to aobtained for the Trp-cage mutant in which salt bridge formation
specific site in the biomolecule under investigation. For unsol- is blocked (Asp9-Asn) differ only slightly from that of
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unmutated Trp-cage, indicating that the salt bridge{ +) 652(8) Karplus, M.; McCammon, J. ANat. Struct. Biol.2002 9, 646
WhI.Ch .I.S critical fO_I’ fOI.d stability in S(.).Iu“.on does not provide .(9) Moraitakis, G.; Purkiss, A. G.; Goodfellow, J. Rep. Prog. Phys.
a significant contribution to the stability in gas phase between 5003 66 383-406.
303 and 438 K. (10) Wysocki, V. H.; Resing, K. A.; Zhang, Q.; Cheng, ®ethods
Measurements of the fluorescence intensities, emission (Orlando, Florida) 2005 35, 211-222.
spectra, and decay times of small polyprolines unequivocally 20(()%1) Bogdanov, B.; Smith, R. Mass Spectrom. Re2005 24, 168~
identify the occurrence of fluorescence quenching by tryptophan  (12) Kelleher, N. L.; Zubarev, R. A.; Bush, K.; Furie, B.; Furie, B. C.;
as well as the effects of a dyeharge interaction. The latter ~ McLafferty, F. W.; Walsh, C. TAnal. Chem1999 71, 4250-4253.
effect includes field-induced shifts in the excitation/emission (13 Shi. S. D.-H.; Hemling, M. E.; Carr, S. Anal. Chem2001, 73,
spectra of the dye and alterations of the thermodynamic driving "~ 14y Tsaprailis, G.; Nair, H.; Somogyi, A.: Wysocki, V. H.; Zhong, W.;
force for quenching. (The electrostatic fields in the unsolvated Futrell, J. H.; Summerfield, S. G.; Gaskell, SJJAm. Chem. S0d.999
ions are estimated to bel—2 orders of magnitude higher than 121 5142-5154. _ _
those in solution because of the absence of shielding by solventCh(elrﬁ)_ ;;)crg(’)ODi '}AZ'éBgsg;fg;éélFrank’ A 3. Mclafferty, F. W. Am.
water.) Future experiments to distinguish between these two  (16) lavarone, A. T.; Williams, E. RAnal. Chem.2003 75, 4525~

effects will use designed small peptides in which the separation 4533.

; ; ; (17) Adams, C. M.; Kjeldsen, F.; Zubarev, R. A.; Budnik, B. A
between the charge and the dye is systematically V"?‘”?d' Haselmann, K. FJ. Am. Soc. Mass Spectro2004 15, 1087-1098.
The temperature-dependent fluorescence of-hairpin- (18) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C.

forming peptide depends dramatically on charge state. The M. Sciencel989 246, 64—71.

increase in fluorescence intensity with increasing temperature _ (19) Karas, M.; Bachmann, D.; Bahr, U.; Hillenkamp, IRt. J. Mass
. . ot Spectrom. lon Processé987, 78, 53—68.
measured for the lowest charge state investigatedi-(8H)>", (20) Tanaka, K.; Waki, H.; Ido, Y.; Akita, SRapid Commun. Mass

is qualitatively consistent with some retention of a compact Spectrom1989 3, 436-439.

conformation in gas phase that is opened by heating. However, 0821)12Kin5ngg&586687.; Hartings, M. R.; Jarrold, M. . Am. Chem. Soc.
the measured decay t|mes |nd|c§te that th|§ phenomenon is no (212) Sadman, E. R.: Hoaglund-Hyzer, C. S.: Clemmer, D ABal,

because of a decrease in quenching. MD simulations to providechem.2001, 73, 6000-6007.

insight into the conformational dynamics leading to the mea-  (23) Myung, S.; Badman, E. R; Lee, Y. J.; Clemmer, D.JEPhys.
sured changes in fluorescence and the hairpin stability in gasChem. A2002 106 _9976-9982.

(24) Kaleta, D. T.; Jarrold, M. Rl. Am. Chem. So@003 125 7186-
phase are planned. 7187,

The experimental techniques described in this paper lay the (25) Bernstein, S. L.; Wyttenbach, T.; Baumketner, A.; Shea, J.-E.; Bitan,
foundation for using fluorescence measurements combined With%;sleplowf D. B.; Bowers, M. TJ. Am. Chem. So@005 127, 2075~
theo_rgnca_l calculations to probe th_e individual interactions that (26) Robinson, E. W.: Williams, E. R. Am. Soc. Mass SpectroB05
stabilize higher order structure of biomolecules and noncovalent 16, 1427-1437.
complexes in the absence of the complicating effects of a (27) Gross, D. S.; Schnier, P. D.; Rodriguez-Cruz, S. E.; Fagerquist, C.

solvent. All of our work thus far has focused on small sequences K- (%i;liiﬂngﬁégé@ PFrO\C/\} Ng‘&aﬁcid; Hsgijpltjslsuﬂ-gv?/%gd& T31E‘)3f géﬁgher
(<22 residues) to ensure that the experiments can be compley | j am. Chem. S0d998 120 4732-4740, ' ' ’

mented by reliable and reasonably fast MD simulations; (29) (a) Dunbar, R. CMass Spectrom. Re2004 23, 127-158. (b)
however, the methods outlined here can in principle be extendedggge, W. D.; Schnier, P. D.; Williams, E. Rnal. Chem1996 68, 859~

to larger species and noncovalent complexes. (30) Zubarev, R. A.; Kelleher, N. L.; McLafferty, F. W. Am. Chem.

Soc.1998 120, 3265-3266.
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