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Characterization of the structure and dynamics of biopolymers ;\?100

is of paramount importance to understanding life processes at the™” 3+

molecular level. Measurements of these molecules in the absence@ 80

of a solvent or surface are useful for elucidating the effects of the 8 60

solvent environment on the native structure and dynamics. Massé 40

spectrometry-based measurements of ion mobilapd ion- < 2+
moleculé and dissociatioff* reactions have been used to detect g 20

global conformational change in unsolvated biopolymers. We have 2 0

been applying fluorescence spectroscopy to unsolvated biomolecule 800 1000 y 1200 1400
ions to take advantage of the unique ability of this technique to . miz o

directly probe the local molecular environment surrounding the Figure 1. Representative charge state distribution of Trp-cage-(BODIPY

. TMR) (10 M) ions formed from an aqueous solution by nanoES.
fluorophore>® Here, we report the first fluorescence measurements N . . . . .
of protein unfolding in the gas phase positively identify the desolvated ions, and no evidence of dis-

Trp-cage is an actively studied 20-residue prdteimat folds sociation was observed over the temperature range studied. lons

cooperativel§in 4 us and presents a tractable size for calculatfons. are irradiated at the frequency doubled wavelength 532 nm by a

The native structure includes a Trp residue “caged” by three Pro Q|od§-pumped Nd:YAG. laser. Laser-induced fluorescence from the
residues, a feature that makes this protein especially suitable for'Ons 1S collected by a triplet lens closely coupled to a trap aperture
the detection of unfolding in the gas phase by intramolecular

and passes through a dichroic beam-splitter to a two-channel
fluorescence quenching. As the protein is heated to induce

detection system (GaAs photomultipliers) which isolates the
conformational change, the Trp will be released from its cage and

fluorescence bandwidths of different fluorescent dyes. Careful
. - . design of the optical beampath reduces the detection of background-
become more exposed to intramolecular collisions with a covalently
attached fluorescent dye, BODIPY TMR. Such collisions quench

scattered laser radiation, enabling fluorescence measurements from
. - . ~200 ions to be obtained in 100 ms with a laser intensity-©80

the dye fluorescence so that conformational changes will be directly ¥

correlated with the fluorescence intensity.

W/cn?. There was no indication of heating during irradiation.
Studies of fluorescence quenching in solutfol* indicate that

Figure 2 shows the fluorescence intensity per ion for the 2
. . and 3t charge states of the dye-labeled Trp-cage, denoted as Trp-
guenching occurs through contact formation between Trp and the 9 y p-cag b
dye during a collision (interaction distari¢ée~5 A). We have

cage-(BODIPY TMR), formed from an aqueous, buffered nanoES
i - solution. Each fluorescence data point represents the average counts
performed solution-phase measurements of the fluorescence In‘etlmeper second of~1C° ions, and identical experimental parameters
of BODIPY TMR-labeled Trp-cage. The fluorescence decay was yo|q reproducible data taken weeks apart. The fluorescence from
fit closely by a monoexponential model and yielded quenching rates ), charge states is initially independent of temperature, suggesting
defined by Arrhenius parameters. These quenching measurements, ¢ompact conformation in which the Trp residue is well shielded
compare very closely with those obtained in solution for similar .o intramolecular collisions with the dye. The fluorescence
BODIPY dyes!? Stern-Volmer analysis of bimolecular quenching intensity of 3+ decreases by a factor 6f3 more than that of 2
of BODIPY TMR and Trp indicates that dynamic quenching is  (rigure 2). Molecular dynamics simulatidfisf the 2+ charge state
approximately twice as efficient as static quenching. In the gas jngicate the conformation is not very different from the native state
phase, we assume contact formation continues to be the dominan(2_4 A C, RMSD) at temperatures up to 420 K. The rapidly
guenching mechanism, however the intramolecular collision rates decreasing portion of the fluorescence data of theé@ toward a
will not be constrained by diffusion-limited kinetics. The temper-  |gwer plateau in Figure 2b is presumably due to an increasing
ature dependence of gas-phase quenching will be the subject ofexposure of the Trp residue with temperature that leads to an
planned investigations. The increased collision rate in the gas phasg@ncreased quenching rate. Heating ions of BODIPY TMR (without
is an essential condition for probing Trp-cage unfolding dynamics the protein attached) over the same temperature rangetiidsult
with collisional fluorescence guenching. in a change in fluorescence within experimental error (data not
Protein ions are generated by nanoelectrospray (nanoES) andshown). This indicates that the decrease in fluorescence observed
injected into a custom-built quadrupole ion trap which can be heated upon heating the labeled Trp-cage is due to the conformational
to a maximum temperature of445 K. lons are thermalized by  dynamics of the protein and not the intrinsic photophysics of the
collisions with a background He gas at 3 mTorr and maintained in dye. The larger decrease in fluorescence observed upon heating
thermal equilibrium throughout the trapping cyéfeThe mass the 3+ charge state (Figure 2b) compared with that of thie 2
spectrum shown in Figure 1 was obtained by ejecting ions into a (Figure 2a) is consistent with thet3being more readily unfolded
Channeltron detector and displays the @nd 3t charge states of ~ due in part to greater Coulombic repulsion in the higher charge
BODIPY TMR-labeled Trp-cage. Resolution is sufficient to statel41?
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120 in thea-helix (residues 28) may effectively increase upon removal
100 i s @ $ of water. The total Coulombic energies of thé and 3+ charge
™ = states were estimated using a point charge model (effective dielectric
80 polarizability = 1.3)° the published structure of Trp-cagend
(a) charge locations derived from the ECD measurements of Zubarev
60 and co-workers? On the basis of published estimates of the energies
40 of hydrogen bonds~25—-42 kJ/mol}® and salt bridges~67 kJ/
mol)2%in unsolvated proteins, the unfolding enthalpy for gas-phase
20 Trp-cage (for both 2 and 3t charge states) can be accounted for

by the salt bridge plus three to six intramolecular hydrogen bonds.

Normalized Fluorescence Intensity per lon (%)

L i L b b b i The higherASin gas phase may be due to increased order in the
120 folded state as a result of solvation of charges by the backbone
and/or increased hydrogen bonding. In addition, hydrophobic effects
100 F have not explicitly been considered.
80 To better understand the changes in enthalpy and entropy, we
(b) will perform fluorescence measurements of single-point Trp-cage
60 mutants which constrain both hydrogen bond formation and charge
40 location. These measurements will be compared with molecular
dynamics simulations to correlate measured changes in fluorescence
20 with unfolding dynamics. In general, the instrumentation obtains
reproducible results rapidly and with excellent signal-to-noise ratios.
0 Arrereyrergees TrrTrITTETY TrTTTTTITTYTT Moreover, the uncertainty in the fit parameters will be significantly
320 360 400 440 reduced by increasing the temperature range of the ion trap to enable
Temperature (K) the observation of plateaus in fluorescence at higher temperatures.
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Table 1. Thermochemical Parameters for Conformational Change
of Trp-cage-(BODIPY TMR) lons

charge state AH (k/mol)? AS (JImol-K)?
2+ 134+ 52 301+ 119 References
3+ 7B5+11 183+ 28 (1) Clemmer, D. E.; Jarrold, M. Fl. Mass Spectroml997, 32, 577-592.
solutior? ~48.6 ~155 (2) Green, M. K.; Lebrilla, C. BMass Spectrom. Re1997, 16, 53-71.
(3) Gross, D. S.; Zhao, Y.; Williams, E. R. Am. Soc. Mass Spectror@97,
aStated errors are- one standard deviation from the me&rfkrom 8, 519-524.
ref 8. (4) Breuker, K.; Oh, H.; Horn, D. M.; Cerda, B. A.; McLafferty, F. W.

Am. Chem. So@002 124, 6407-6420.

Fits to the data by a fluorescent model incorporating intramo- (%) ghggtfrydn;léo'gé nggggf%%ful S. E.; Parks, J. H.Am. Soc. Mass
lecular collisions and a two-state model of protein unfolding are (g D‘;ne", A. S.: Parks, J. Hnt. J. Mass Spectron2003 229, 35-45.

represented by solid curves in Figure 2. The enthalpy and entropy (7) Neidigh, J. W.; Fesinmeyer, R. M.; Andersen, N.Mat. Struct. Biol.

changes derived from the fit for thet3charge state are 1.5 and ®) 6?8’2,_?’; éiﬁtfl?g'A.; Roitberg, A. E.; Hagen, S.1.Am. Chem. Soc.
1.2 times, respectively, as large as the values measured in solution. 2002 124, 12952-12953. )

The thermodynamic parameters derived for theate also larger ©) f‘ﬂ”ﬁgg‘ggﬁéggr“kbme* B.; Roitberg, A. &.Am. Chem. S02002
than the solution values, albeit with greater uncertainties (Table (10) Lapidus, L. J.; Eaton, W. A.; Hofrichter, Broc. Natl. Acad. Sci. U.S.A.

R i ; ; 200Q 97, 7220-7225.
1). McLafferty e.ind co Wo_rke_ﬁ§ot?ta|ned thermochgmmal param (11) Hudgins, R. R.; Huang, F.; Gramlich, G.; Nau, W.MAm. Chem. Soc.
eters of unfolding for ubiquitin ions (6 to 9+) using electron 2002 124, 556-564.

; iati i (12) Marme N.; Knemeyer, J.-P.; Sauer, M.; Wolfrum Bioconjugate Chem.
capture dissociation (ECD). In this case, the enthalpy changes for 2003 14 11331139,

the ubiquitin ions were lower than those measured in solution, a (13) Huang, F.; Hudgins, R. R.; Nau, W. M. Am. Chem. So@004 126,

i i i 16665-16675.
result that was attributed to COUIOmbI.C’ Strucn.jral' andor enFroplc (14) Vaiana, A. C.; Neuweiler, H.; Schulz, A.; Wolfrum, J.; Sauer, M.; Smith,
effects? Clearly, the effects of Coulombic repulsion do not dominate J. C.J. Am. Chem. So@003 125, 14564-14572.

the unfolding dynamics in the lower charge states of Trp-cage, thus (15) Asano, K. G.; Goeringer, D. E.; McLuckey, S. it. J. Mass Spectrom.
- . . R 1999 185/186/187207—219.

providing an improved opportunity to study the contributions of  (16) . van der Spoel, private communication.

individual interactions, such as hydrogen bonds, to the stability and (17) @dngs,E. MS-; Kje'{/tlisen,SF.; ZtUb;(r)%\z/i ;25. Al.(;)SB;JdﬂglééB. A.; Haselmann,

f . F.J. Am. 50C. Mass spectro 3 — .

dynamics of the folded structure. For example, hydrogen bond donpr (18) Kitova, E. N.: Bundle, D. R.; Klassen, J..5.Am. Chem. So2002 124,

and acceptor groups located on the surface of the folded protein, 5902-5913. N

and exposed to solvent in solution, may form new intramolecular (19 fggg'gr'l'ggg;’l(gg"?ss' D. S.; Williams, E. R.Am. Soc. Mass Spectrom.

hydrogen bonds upon desolvation, thus contributing to an increased (20) Schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, E.JRAm.

enthalpy of unfolding® Also, the strength of the salt bridge Chem. Soc1996 118 7178-7189.

involving Lys8, Asp9, and Arg16 and that of the hydrogen bonds JA051788U
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