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Abstract: Measurements of protein unfolding in the absence of solvent, when combined with unfolding
studies in solution, offer a unique opportunity to measure the effects of solvent on protein structure and
dynamics. The experiments presented here rely on the fluorescence of an attached dye to probe the local
conformational dynamics through interactions with a Trp residue and fields originating on charge sites. We
present fluorescence measurements of thermal fluctuations accompanying conformational change of a
miniprotein, Trp-cage, in solution and in gas phase. Molecular dynamics (MD) simulations are performed
as a function of temperature, charge state, and charge location to elucidate the dye-protein conformational
dynamics leading to the changes in measured fluorescence. The results indicate that the stability of the
unsolvated protein is dominated by hydrogen bonds. Substituting asparagine for aspartic acid at position
9 results in a dramatic alteration of the solution unfolding curve, indicating that the salt bridge involving
Lys8, Asp9, and Argl6 (+ — +) is essential for Trp-cage stability in solution. In contrast, this substitution
results in minor changes in the unfolding curve of the unsolvated protein, showing that hydrogen bonds
are the major contributor to the stability of Trp-cage in gas phase. Consistent with this hypothesis, the
decrease in the number of hydrogen bonds with increasing temperature indicated by MD simulations agrees
reasonably well with the experimentally derived enthalpies of conformational change. The simulation results
display relatively compact conformations compared with NMR structures that are generally consistent with
experimental results. The measured unfolding curves of unsolvated Trp-cage ions are invariant with the
acetonitrile content of the solution from which they are formed, possibly as a result of conformational
relaxation during or after desolvation. This work demonstrates the power of combined solution and gas-
phase studies and of single-point mutations to identify specific noncovalent interactions which contribute
to protein-fold stability. The combination of experiment and simulation is particularly useful because these
approaches yield complementary information which can be used to deduce the details of structural changes
of proteins in the gas phase.

Introduction electrospray ionization (ESIand matrix-assisted laser desorp-

The native structures of proteins play a vital role in determin- tion ionizatior? which can transfer large molecules into the gas
ing their specific biological functions and interactions with other PN@se without fragmentation. Several methods have been used

molecules. One key objective of the life sciences is to understand!® Study large-scale conformational changes in ur:zsolvated
how the primary sequence encodes the native structure and thotein and peptide ions such as ion mobility spectroscopy,

dynamics of folding and unfolding processesleasurements (5) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M.
; i i i Sciencel989 246, 64—71.
of proteins and peptldes in the gas pﬁaéWhICh cqmplement 6) (a) Tanaka, K.; Waki, H.; Ido, Y.; Akita, Rapid Commun. Mass Spectrom.
condensed-phase measurements can help elucidate the role of = 1989 3, 436-439. (b) Hillenkamp, F.; Karas, M.; Beavis, R. C.; Chait, B.
; : ; : T. Anal. Chem1991, 63, A1193-A1202.

the solyent environment in producing the native structure_and (7) Wyttenbach. T von Helden, G.: Bowers, M. X.Am. Chem. Sod996
dynamics. The gas-phase measurements are made possible by 118 8355-8364.

(8) Li, J.; Taraszka, J. A.; Counterman, A. E.; Clemmer, DIrE. J. Mass

Spectrom1999 185/186/187 37—47.

(9) Kinnear, B. S.; Hartings, M. R.; Jarrold, M. B. Am. Chem. So@001,

T Rowland Institute at Harvard.

* Uppsala University. 123 5660-5667.
' Current address: QB3/Chemistry Mass Spectrometry Facility, Univer- (10) Badman, E. R.; Hoaglund-Hyzer, C. S.; Clemmer, DAEal. Chem2001,
sity of California, Berkeley, CA 94720-1460. 73, 6000-6007.

(1) Fersht, AStructure and Mechanism in Protein Science: A Guide to Enzyme (11) Mao, D.; Babu, K. R.; Chen, Y.-L.; Douglas, D.Anal. Chem2003 75,
Catalysis and Protein FoldingW. H. Freeman: New York, 1999. 1325-1330.

(2) Hoaglund-Hyzer, C. S.; Counterman, A. E.; Clemmer, DCEem. Re. (12) Kaleta, D. T.; Jarrold, M. FJ. Am. Chem. SoQ003 125 7186-7187.
1999 99, 3037-3079. (13) Counterman, A. E.; Clemmer, D. E. Phys. Chem. B004 108 4885-

(3) Jarrold, M. FAnnu. Re. Phys. Chem200Q 51, 179-207. 4898.
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ion—molecule reaction¥'16-18 plackbody infrared radiative
dissociation (BIRDJ?electron capture dissociation (ECB)2*
and infrared photodissociation spectroscéf’f.Recently, we

8 and 16, respectiveBf. Trp-cage is remarkable in that it is the
smallest example of a protein with cooperatively folded tertiary
structure in aqueous solutigi#® and that it folds in only four

demonstrated a fluorescence-based probe of conformationalmicrosecond4? Miniproteins such as Trp-cage are useful tools
dynamics in unsolvated protein and peptide ions that is sensitivefor the study of protein folding because their small size makes

to the local molecular environment of the fluorophété’

them amenable to chemical synthesis which expedites the pro-

This experiment is based on modulation of the fluorescence duction of variants for mutational studi&s3°In addition, they
of an attached fluorescent dye through intramolecular quenchingare readily tractable by molecular dynamics (MD) simulatitng’
by tryptophan (Trp). This methodology is well-established as a Here, we report fluorescence measurements of Trp-cage as a

probe of conformational dynamics in solutf&ré” but previously

function of temperature in solution and in gas phase, examining

had not been employed in the gas phase. Fluorescence quenchinte roles of charge state, dye and charge locations, and solvent

is uniquely sensitive to Angstno-scale fluctuations in the
fluorophore-gquencher distarfi@é@and has been used to probe the
interconversion between conformers in single molectfles.
Our initial study® demonstrated the use of fluorescence to
follow conformational change occurring with increasing tem-

perature in unsolvated ions of Trp-cage, a 20-residue minipro-

composition. We also present measurements of a variant Trp-
cage in which Asp9 has been replaced by asparagine (Asn) to
determine the importance of the salt bridge in stabilizing the

folded structure both in solution and in gas phase. Our experi-
ments are complemented by MD simulations performed as a
function of charge state, charge location, and temperature to

tein. The sequence is a construct resulting from truncation andelucidate the atomic-level details of the dye-protein conforma-
mutation of a 39-residue peptide, exendin-4, derived from Gila tional dynamics leading to the observed changes in fluorescence.

monster saliva, and has been shown to be fully structured in

aqueous solution at low temperatuf@sChe folded structure

has a compact hydrophobic core consisting of a Trp side chain

which is “caged” by several hydrophobic residues. The NMR

Methods and Analysis

Materials. Derivatized peptides were synthesized by BioMer
Technology (Hayward, CA) and purified by reversed-phase HPLC to

structure of the Trp-cage also indicates a salt bridge betweena stated purity of-70% prior to shipment. The BODIPY analogues of
the negatively charged aspartic acid (Asp) at position 9 and the tetramethylrhodamine and Texas Red, “BoTMR” and “BoTR”, respec-

positively charged lysine (Lys) and arginine (Arg) at positions

(15) Sudha, R.; Kohtani, M.; Jarrold, M. B. Phys. Chem. B005 109, 6442—
6447

(16) Green, M. K.; Lebrilla, C. BMass Spectrom. Re1997 16, 53—71.

(17) Suckau, D.; Shi, Y.; Beu, S. C.; Senko, M. W.; Quinn, J. P.; Wampler, F.
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793.
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Williams, E. R.Proc. Natl. Acad. Sci. U.S.A.996 93, 3143-3148.

(19) (a) Dunbar, R. CMass Spectrom. Re2004 23, 127—158. (b) Price, W.
D.; Schnier, P. D.; Williams, E. RAnal. Chem1996 68, 859-866.

(20) Gross, D. S.; Zhao, Y.; Williams, E. R. Am. Soc. Mass Spectrof®97,

8, 519-524.

(21) Breuker, K.; Oh, H.; Horn, D. M.; Cerda, B. A.; McLafferty, F. \W..Am.
Chem. Soc2002 124, 6407-6420.

(22) Adams, C. M.; Kjeldsen, F.; Zubarev, R. A.; Budnik, B. A.; Haselmann,
K. F. J. Am. Soc. Mass Spectro2004 15, 10871098.

(23) Polfer, N. C.; Haselmann, K. F.; Langridge-Smith, P. R. R.; Barran, P. E.
Mol. Phys.2005 103 1481-1489.

(24) Oh, H.; Breuker, K.; Sze, S. K.; Ge, Y.; Carpenter, B. K.; McLafferty, F.
W. Proc. Natl. Acad. Sci. U.S./£2002 99, 15863-15868.

(25) Oomens, J.; Polfer, N.; Moore, D. T.; van der Meer, L.; Marshall, A. G.;
Eyler, J. R.; Meijer, G.; von Helden, ®hys. Chem. Chem. Phy&005 7,
1345-1348.

(26) lavarone, A. T.; Parks, J. H. Am. Chem. SoQ005 127, 8606-8607.

(27) lavarone, A. T.; Meinen, J.; Schulze, S.; Parks, IJnH.J. Mass Spectrom.
2006 253 172-180.

(28) Lapidus, L. J.; Eaton, W. A.; Hofrichter, Broc. Natl. Acad. Sci. U.S.A.
200Q 97, 7220-7225.

(29) (a) Thompson, P. A,; Mgz, V.; Jas, G. S.; Henry, E. R.; Eaton, W. A;;
Hofrichter, J.J. Phys. Chem. BO0Q 104, 378-389. (b) Jas, G. S.; Eaton,
W. A.; Hofrichter, J.J. Phys. Chem. B001 105 261-272.

(30) Hagen, S. J.; Carswell, C. W.; Sjolander, E. MMol. Biol. 2001, 305,
1161-1171.

(31) Hudgins, R. R.; Huang, F.; Gramlich, G.; Nau, W. 8.Am. Chem. Soc.
2002 124, 556-564.

(32) Marme N.; Knemeyer, J.-P.; Sauer, M.; Wolfrum,Bioconjugate Chem.
2003 14, 1133-1139.

(33) (a) Neuweiler, H.; Schulz, A.; Boner, M.; Enderlein, J.; Sauer, M.
Am. Chem. Soc2003 125 5324-5330. (b) Doose, S.; Neuweiler, H.;
Sauer, M.Chem. Phys. Chen2005 6, 22772285. (c) Neuweiler, H.;
Doose, S.; Sauer, MProc. Natl. Acad. Sci. U.S.A2005 102, 16650~
16655.

(34) Vaiana, A. C.; Neuweiler, H.; Schulz, A.; Wolfrum, J.; Sauer, M.; Smith,
J. C.J. Am. Chem. So@003 125, 14564-14572.

(35) Yang, H.; Luo, G.; Karnchanaphanurach, P.; Louie, T.-M.; Rech, I.; Cova,
S.; Xun, L.; Xie, X. S.Science2003 302 262-266.

(36) Jones, G., II; Zhou, X.; Vullev, V. Photochem. Photobiol. S@003 2,
1080-1087.

(37) Huang, F.; Hudgins, R. R.; Nau, W. M. Am. Chem. SoQ004 126,
16665-16675.

(38) Neidigh, J. W.; Fesinmeyer, R. M.; Andersen, NN4t. Struct. Biol2002
9, 425-430.

tively, were obtained from Invitrogen (Carlsbad, CA). The chemical
structures and excitation and emission spectra of these dyes have been
published elsewher:* The amino acid sequences are (BoTR)-
NLYIQWLKDGGPSSGRPPPSK-CONHNLYIQWLKDGGPSSGR-
PPPSK(BoTMR)-CONK and NLYIQWLKNGGPSSGRPPPSK(BoT-
MR)-CONH; and are referred to herein as “BoTR-Trp-cage”, “Trp-
cage-BoTMR”, and “D9N Trp-cage-BoTMR”, respectively. The amino
acid sequence is the same as that of Trp-cage with the addition of lysine
at the C-terminus to allow for the conjugation of a dye (viadtamine).
Attachment of the dyes does not significantly alter the emission or
excitation spectra (data not shown). Ammonium aceta@806) was
obtained from Sigma (St. Louis, MO), and acetonitrite99.9%),
ammonium bicarbonate>@9%), and distilled, deionized water were
obtained from Fisher Scientific (Fair Lawn, NJ), Mallinckrodt (Hazel-
wood, MO), and VWR (West Chester, PA), respectively. Electrospray
solutions contain 1® M analyte in aqueous or 1:1 acetonitrile/water
solutions. Ammonium bicarbonate and acetate {10) are added for
pH stabilization.

Mass Spectrometry.The instrumentation used for these experiments
is described elsewheféBriefly, measurements are performed using a
quadrupole ion trap mass spectrometer that was designed and built in-
house>® Droplets and ions formed by nanoelectrospray (nant'&zsg
sampled from atmospheric pressure through a stainless steel capillary
maintained at 333 K and transferred into a quadrupole ion trap which
can be heated to temperatures as high-443 K. The use of higher
trap temperatures results in ion fragmentatid2®%. The ions of interest

(39) Gellman, S. H.; Woolfson, D. NNat. Struct. Biol.2002 9, 408-410.

(40) Qiu, L.; Pabit, S. A.; Roitberg, A. E.; Hagen, SJJAm. Chem. So2002
124, 12952-12953.

(41) Simmerling, C.; Strockbine, B.; Roitberg, A. £.Am. Chem. So2002
124, 11258-11259.

(42) Snow, C. D.; Zagrovic, B.; Pande, V. $. Am. Chem. SoQ002 124,
14548-14549.

(43) Pitera, J. W.; Swope, WProc. Natl. Acad. Sci. U.S.£003 100, 7587

7592.

(44) Chowdhury, S.; Lee, M. C.; Xiong, G. M.; Duan, ¥. Mol. Biol. 2003
327, 711-717.

(45) Zhou, R.Proc. Natl. Acad. Sci. U.S.£2003 100, 13280-13285.

(46) Seshasayee, A. S. Nheor. Biol. Med. Modell2005 2, 7.

(47) Ding, F.; Buldyrev, S. V.; Dokholyan, N. \Biophys. J2005 88, 147—
155.

)
(48) Molecular Probes. http://probes.invitrogen.com (accessed 2006).
(49) Danell, A. S.; Parks, J. Hnt. J. Mass Spectron2003 229, 35—45.
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are isolated using RF ramping and SWIFT ejection. The background quenching occurring in Trp-cage-BoTMR. These measurertfents
helium gas pressure is3 x 107 Torr and is pulsed te~2 x 1074 indicate that the dominant process is dynamic quenching of the dye
Torr for ion loading and thermalization. (The pressure within the trap excited-state rather than formation of a nonradiative complex. Cyclic
is ca. 30-35-fold higher owing to the low conductance of the trap voltammetry measuremeftsndicate that the quenching process in
apertures.) Approximately 200&:(5%) ions are loaded and thermal-  solution is dominated by electron transfer. Considering these results,
ized in the trap fo 1 s before measuring fluorescencegat= 0.50. we assume the quenching in gas phase occurs via a local interaction
The trapped ions undergol® collisions which equilibrate them with between the excited dye and Trp. As a result, the quenching process is
the bath gas which is maintained at the temperature of the trap. After sensitive to conformational changes which alter the Trp position. This
the fluorescence measurement the ions are ejected from the trap andequires a sufficiently high dye-Trp contact F&#&333"to ensure the
detected by an electron multiplier. likelihood of quenching during a radiative lifetime of 10 ns. A rough
Gas-Phase Fluorescencdhe ions of interest are irradiated with ~ upper bound of the gas-phase quenching rate can be estimated by
532 nm light from a continuous wave Nd:YAG laser (Millennia VIs, considering the rate of contact between the Trp residue and the dye
Spectra-Physics, Irvine, CA) for 100 ms at an intensity of 132 Vf/cm  tethered to the protein by an aminohexanoate linker. In gas phase the
The Gaussian laser beam diameterB20xm to minimize scattering contact rate will not be constrained by diffusion-limited kinetics and
of the light on the trap apertures. The laser-ion cloud overlap is can be estimated by considering the dye to be freely moving within a
optimized by alignment of the laser and by adjustment of the DC bias volume determined by the tether length R. The contact rate can be
applied to the trap endcaps which alters the cloud position. A two- estimated byk: ~ nvo in which n is the density associated with the
channel detection system isolates and quantifies BoTMR and BoTR tethered BoTMRn ~ 1N = (47R%/3)". HereR is the distance from
fluorescence. Twenty-five replicate measurements are performed forthe center of mass of the dye linked to the polypeptide by the tether
each data point, and each set of measurements is performed at leasR ~ 12 A). An upper bound for the collision rate kf~ 2 x 1010s?
two times on different days. The day-to-day reproducibility of absolute is obtained for a thermal relative velocity, ~ 1.4 x 10* cm/s,
intensity is within4=20%. The fluorescence data routinely exhibit a and a hard sphere collision cross-section estimated tod x 10 14
signal-to-noise ¥N) ratio of ~400 and this offers several distinct cm?. This value for the contact rate should be considered an upper
experimental advantages. High quality fluorescence can be collectedbound since it assumes free access to a Trp residue having a dye-Trp
from relatively few molecules<200) in a small volume of the trapped ~ separation within the tethered volume, and the excluded volume is
ion cloud (~2 x 1075 cm?®) which can be efficiently focused onto the  neglected. Here, quenching is assumed to occur on contact. However,
detector. Trapping small numbers of molecular ions minimizes space even if the contact rate were a factor of 10 lower, it would still be
charge interactions resulting in smaller ion clouds and more reliable sufficient to quench the excited-state at a rate greater than the radiative
simulations of ion trajectories. Moreover, it should be possible to rate>*

decrease the number of irradiated ions<tb0 to reduce the effects of A model expressing the temperature dependence of the fluorescence
ensemble averaging and in particular to perform fluorescence correlationquenching in the gas phase was derived assuming the two-state
spectroscopy? charactef® of Trp-cage is retained. This model assumes that the Trp

Various fluorescent dyes were screened to identify those which would becomes increasingly accessible to interaction with the dye as the
not significantly change their radiative properties upon desolvation and fraction of unfolded proteins in the ensemble increases. In contrast to
heating. BoTMR and BoTR were selected because they are unchargece model used previously to describe Trp fluorescence during peptide
in solution, excited efficiently at 532 nm, and emit fluorescence with unfolding?® the present model assumes that quenching is absent in the
high quantum yield¥ 80%). In addition, their absorption and emission folded state and occurs with a rate constégtjn the unfolded state:
spectra exhibit minimal solvent and temperature depend@Rerhaps
of highest significance is that the high fluoresce&¢ obtained with
BoTMR and BoTR allows for excitation using low laser intensities
which minimizes heating of the gas-phase biomolecules. In the present

experiments, fluorescence measurements estimate that the Iaser-induceghe fluorescence intensity, is proportional to the quantum yield at a

temperature increase of trapped Trp-cage ions in the presence of thegiven temperaturap. s andy, are the protein fractions in the folded

helium background gas is less tha K for an intensity of 132 W/cfh and unfolded states, respectively, where= [1 + exp(AG/KT)]~* and
Clearly, the laser-induced heating of the ions becomes more severe if =1 — y. Fits of the data to this model yield the thermochemical

the fluorescence probe relies on a natural fluorophore such as Trp WhiChparameters associated with the conformational change. The resulting
i 53 . . . e . .
has smgll quantum yield~20%): o o fits display an insensitivity to different models used to estimate

Solution-Phase Spectroscopyluorescence emission and excitation  pecause in each case it is found thao > 1, a consequence of the
spectra are measured on a model J-810 spectrometer (Jasco, Easm@as-phase Kinetics.

MD). The excitation wavelength of intrinsic Trp fluorescence is 268 The relatively simple model presented here assumes that Trp
nm and the excitation and emission bandwidths are both 10 nm. gy enching is the primary mechanism for changes in fluorescence. In
Splutlons are contained in quartz cuv_ettes (Spectrocell, Oreland, PA) previous fluorescence measurements on peptidesias observed that
with screw caps to prevent evaporation. The sample temperature iSchanges in fluorescence can also result from interactions of the dye
regulated with a precision af0.5 K by a Peltier device. For measuring  yith Coulomb fields. These fields can induce a change in the dye
BoTMR/BoTR and intrinsic Trp fluorescence the solutions contain 3 absorption strength and also a shift in the absorption spectrum. The
x 107" and 10° M analyte, respectively, in water or 1:1 acetonitrile/  jyportance of these field effects is currently under investigation and
water. ] ) will be the subject of future experiments.

Gas-Phase Fluorescence ModeMeasurements in solution were Coulomb Energy. The effects of Coulomb repulsion on conforma-
performed to characterize the quenching of BoTMR fluorescence tjona| change of unsolvated, multiply charged proteins are estimated
through bimolecular interactions with Trp and also the intramolecular 55 follows. For a molecule. M. with positive charges, which undergoes
an unfolding process,

_ 1
100 =1+ T @)

(50) Khoury, J. T.; Rodriguez-Cruz, S. E.; Parks, J. H.Am. Soc. Mass
Spectrom2002 13, 696-708.
(51) Wilm, M.; Mann, M.Anal. Chem1996 68, 1-8. M nt M nt )
(52) Hess, S. T.; Huang, S.; Heikal, A. A.; Webb, W. Blochemistry2002 fold unf
41, 697-705.
(53) Creighton, T. EProteins: Structures and Molecular Propertie3)d Ed.;
W. H. Freeman: New York, 1993. (54) Unpublished data.
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the Coulomb energy released due to an increase in separation betweements of the 2- and 3t ions of Trp-cage reported by Zubarev and
like chargesAEcu, is the difference between the Coulomb energies co-workers?231n this second case the two charge statesadd 3+,

of the final (unfolded) and initial (folded) states. were generated with GIn5 and Arg16 protonated in thei@, and in
the 3+ ion the third charge location is the N-terminus.
AEco = By — Egg <0 (3) Replica exchange MD (REMD) simulatidiisof 500 ns were

performed at 16 different temperatures, namely at 280, 284, 289, 295,
Efla and Eynr are approximated by summing the pairwise interactions 302, 310, 319, 329, 340, 352, 365, 379, 394, 410, 427, and 445 K,
between point charges in the folded and unfolded states, respectivelyrespectively. Both the2 and the 3 ions were simulated in the same
(dielectric polarizability= 1.3)3° The distances between the charge fashion. No cutoff is used for Coulomb and Van der Waals interactions
sites in the folded and unfolded states are derived from MD simulations because all interactions are explicitly calculated in vacuo. In the REMD
performed at 302 and 445 K, respectively. The measured enthalpy simulations the temperature was controlled using the Berendsen weak

change AH, is the sum of the intrinsic enthalpy of unfoldingHin, coupling algorithrf® with a time constant of 0.1 ps. The LINCS
and AEcou. Thus,AHiy is the experimentally derivedH minus the algorithn?® was used for constraining the bond lengths, allowing for
calculatedAEcou. an integration time step of 2 fs. Exchanges were attempted every ps
and the exchange probability varied between 86% at the lowest and
AH,, = AH — AE (4) 53% at the highest temperature.

The total number of hydrogen bonds between all of the backbone

Molecular Dynamics. The molecular dynamics simulations of Trp-  carbonyl oxygens and any other part of the molecule at a given
cage are performed using the GROMACS software packageith temperature is calculated by summing the fractions of instances the
the OPLS/AA force fielcP® The conformation determined by NMR carbonyl oxygens are found to be participating in hydrogen bonds during
is used as the initial structure. To match the molecule used for the simulation. The total number of instances is 250000 (one for every
experiments, an amidated lysine residue was attached to the C-terminus9ther ps in the REMD simulations). Hydrogen bonds are defined using
and the BODIPY dye was attached to the side-chain nitrogen of Lys21. @ geometric criterion where the distance between donor and acceptor
Force field parameters for the dye were taken as much as possible fromis less than 0.35 nm and the hydrogen derexceptor angle should
analogues (similar chemical groups) available in the OPLS/AA force be less than 30 degrees.
field. For the ring system a quantum chemical calculation was
performed using the Gaussian 2003 softwhes the Hartree Fock
level with the 6-31G** basis set. For the boron atom no ready Lennard-  |ons Formed by nanoES.The charge state distributions of
Jones parameters are available in the force field, but since the atom 'STrp-Cage-BoTMR formed under optimum conditions for the 2

at the center of a tetrahedral arrangement of atoms, the exact parameterand 3+ charge states are shown in Figure 1panels a and c

are not crucial and the parameters for carbon were used instead. Theres ectively. (The DC voltage applied to the sampling capilla
charges, which were determined from a Mekollman population P Y- g€ app pling captiiary

analysis?® and the Lennard-Jones parameters for B, F, and N atoms in was 230 and 150 V, reSp?C_tlvely') An 'O_n of Interest Such as
the dye are given in the Supporting Information. Torsional potentials the 2+ or 3+ charge state is isolated by ejecting the other ions
were added to keep the ring system flat, with the same parameters adfom the trap (Figure 1 panels b and d, respectively) prior to
those used for the Trp side chain in the OPLS/AA force field. Both measuring fluorescence. As shown in Figure 1, the mass spectral
complete molecules were subject to energy minimization using the resolution is sufficient to positively identify the intact, unsol-
limited-memory Broydes Fletcher-Goldfarb—Shanno algorithi§t with vated ions.

position restraints on the non-hydrogen atoms in the original Trp-cage  EF|lyorescence MeasurementsEluorescence measurements
(residues +20). Subsequently 10 ns MD simulations were done with gas-phase ions were performed at 20 K increments between
position restraints (force constant 1000 kJ/mo¥) on the protein 303 and 423 K and at 438 K. For ther2ions of Trp-cage-
atoms (except hydrogens), allowing the dye to relax without affecting BoTMR the fluorescence is eséentially unchanged between 303

the conformation of the protein. 0
Charge locations for these simulations on Trp-cage ions have beenand 403 K. The fluorescence then decreases-B9% as the

assigned to examine the effects of charge location on the simulated{€mperature is further increased to 438 K (Figure 2a). In contrast,
structure and dynamics. Specifically, simulations were performed and for the 3t ions the fluorescence is constant fro_m 303 to 363
compared with fluorescence data to determine whether GIn5 or Lys8 K, but then decreases by75% upon further heating to 438 K
was the preferred protonation site. In the first case, charges were located Figure 2b). For both the 2 and 3+ ions the changes in
on the basis of intrinsic gas-phase basicity (GB). Since the GB of Lys fluorescence as a function of temperature are invariant with
is 51 kJ/mol higher than that of GR,the two charge states;t2and electrospray solvent composition (aqueous or 1:1 acetonitrile/
3+, were generated with Lys8 and Argl6 protonated in thei@n, water). As noted previousRf the fluorescence of singly
and in the 3 ion the third charge location is the N-terminus. In the charged, positive ions of BODIPY TMR dye is constant over
second case, charges were located consistent with recent ECD measurer sam,e temperature range (data not shown), indicating that
(55) Schnier, P. D.; Gross, D. S.; Williams, E.RAm. Chem. Sod995 117, the changes in fluorescence shown in Figure 2 are due to the
6747-6757. dynamics of the polypeptide and not the intrinsic photophysics
(56) Lindahl, E.; Hess, B.; Van der Spoel, 2.Mol. Mod.2001, 7, 306—-317. .
(57) Van der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A. E.; Of the dye. Measurements were also made of theidhs of

Berendsen, H. J. Cl. Comp. Chem2005 26, 1701-1718. - - i i i - i
(58) Jorgensen, W. L.; Maxwell, D. S.; Tirado-RivesJJAm. Chem. So¢996 BOTR-Trp-cage, in which the dye Is attached to the N-terminus
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Figure 1. Representative mass spectra of Trp-cage-BoTMR: (a) charge-
state distribution in which the abundance of the @n is optimized; (b)
isolation spectrum of the2ion; (c) charge-state distribution in which the
abundance of the-B is optimized; (d) isolation spectrum of thet3on.

The arrows in panel a denote peaks corresponding to neutral lossdg of

or 18 Da, presumably molecules of water and/or ammonia, from the 3
ion. The asterisks in panels a and c denote peaks corresponding to a
addition of~30 Da.
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Figure 2. Normalized fluorescence intensity per ion vs temperature for
(a) 2+ and (b) 3+ ions of Trp-cage-BoTMR. Data points for ions formed

curves (Figure 2) or thermochemical parameters (Table 1) of
the gas-phase ions. In contrast, the melting temperafugen
solutionis 32 K lower in 50% acetonitrile than in the aqueous
solution with 0% acetonitrile (Figure 3).

Aspartic Acid/Asparagine Substitution. Heating an aqueous
solution of Trp-cage-BoTMR between 273 and 353 K results
in a sigmoidal 212% increase in the intrinsic Trp fluorescence
(peak emission wavelengtk 350 nm) which indicates an
unfolding transition withT,, = 323 K (Figure 4, closed squares).

In contrast, repeating this measurement using the variant DON
Trp-cage-BoTMR, in which Asp9 has been replaced by Asn,
results in a gradual 50%ecreasen the Trp fluorescence (Figure

4, open squares). This indicates that the single mutation, D9N,
dramatically disrupts the stability of the folded structure in
aqueous solution. In the gas phase, the absolute fluorescence
intensities per ion of the2 and 3+ charge states of the DON
variant are 124£5)% and 29 £4)% lower, respectively, than
those of the corresponding ions of Trp-cage-BoTMR at 303 K
(data not shown). The lower intensity of the D9N mutant is
consistent with more efficient quenching in a structure in which
the Trp side chain is more accessible to contact with the dye.
As the temperature is increased from 303 to 438 K, the decrease
in fluorescence is slightly greater for ions of D9N Trp-cage-

BOTMR than for corresponding ions of Trp-cage-BoTMR

(Figure 5) and the associated enthalpy and entropy changes are
not significantly different (Table 2). Thus, in contrast to the
results obtained in solution, replacing Asp9 with Asn does not
appear to significantly alter the stability of the gas-phase protein
structure.

Discussion

Intramolecular Interactions. The fluorescence intensity of
unsolvated Trp-cage ions is essentially constant up to a certain
temperature and then decreases as the temperature is further
increased. The decrease in fluorescence is consistent with a
temperature-induced conformational change which results in a
greater exposure of the Trp side chain to quenching interactions
with the dye. The greater decrease observed for theidh
(Figure 2b) compared with that of thet2ion (Figure 2a) is
consistent with a transition that is accelerated by greater
Coulomb repulsion in the higher charge st#té® An analysis
of the interactions which contribute to the stability of the gas-
phase structure follows.

In solution, no distinct melting transition is observed between
273 and 343 K for the DON mutant (Figure 4). Asp has a

from aqueous and 1:1 acetonitrile/water solutions are denoted by CIOSEdcarboxyIic acid side chain which is negatively charged in

and open square markers, respectively. Model fits to the data are delineated

by curves. Intensities are normalized to 303 K values.

solution over a wide pH range Kp= 3.9Y° but the Asn side
chain is the uncharged amide analogue of Asp. Substituting Asn

instead of the C-terminus, to examine the effects of changing for Asp9 breaks the- — + salt bridge formed between Lys8,
the dye location. The resulting fluorescence data (shown in the Asp9, and Arg16® Apparently, the loss of this interaction

Supporting Information) are very similar to those of Trp-cage-
BoTMR.

The enthalpy change&H, derived from model fits to the
data for the 2 and 3t ions of Trp-cage-BoTMR formed from

results in the dramatic disruption of the Trp-cage fold in solution.
(A single solvent-exposed salt bridge can contribute-Q.4J/
mol to protein fold stability in solutiont)Andersen and co-

workers8 evaluated several sequences which differed at multiple

the aqueous solution are 182% and 52%, respectively, largerpositions to optimize the Trp-cage stability. The sequences

than those measured in aqueous solution, and the entropy

changes,AS, for these charge states are 98% and 16%,
respectively, larger than those in solution (Table 1). Increasing

the acetonitrile content of the aqueous electrospray solution from (

0% to 50% has no significant effect on the measured melting

6730 J. AM. CHEM. SOC. = VOL. 129, NO. 21, 2007

(67) Clemmer, D. E.; Jarrold, M. B. Mass Spectroml.997 32, 577-592.

(68) Arteca, G. A.; Reimann, C. T.; Tapia, @hem. Phys. Let2001, 350,
277-285.

69) Schnier, P. D.; Gross, D. S.; Williams, E. R.Am. Soc. Mass Spectrom.

1995 6, 1086-1097.

(70) Lehninger, A. LBiochemistry 2nd ed.; Worth: New York, 1975.



Trp-Cage Protein Conformation ARTICLES

Table 1. Thermochemical Parameters Derived from Fluorescence Measurements?

charge electrospray AH AHn(Q5) AHq (K8) AS

analyte state solvent (kd/mol) (kd/mol)® (kJ/mol)° (I/mol-K)
Trp-cage-BoTMR Z aqueous 1352 138+ 52 139+ 52 307+ 120
Trp-cage-BoTMR Z 1:1 ACNYwater 108+ 57 109+ 57 110+ 57 236+ 132
Trp-cage-BoTMR F agueous T4 11 146+ 11 84+ 11 180+ 27
Trp-cage-BoTMR F 1:1 ACNY/water 89+ 5 161+ 5 99+5 219+ 11
BoTR-Trp-cage 3 aqueous 758 147+ 8 85+ 8 182+ 18
(solution} 48.6 155

a Stated errors arg: one standard deviation from the me&iCalculated using charge locations Q5 and R16 for thedh and N1, Q5, and R16 for the
3+ ion. ¢ Calculated using charge locations K8 and R16 for thei@ and N1, K8, and R16 for thet3ion. ¢ ACN = acetonitrile.¢ Literature values (ref
40).

1004 TSN 120 (a)2+ions
50% P 1
807 acetonitrile ,*
»

100 7
804
603

60

404 0% acetonitrile

(aqueous)

Intensity (a.u.)

207 /" 40
20] = Trp-cage
1 -= D9N mutant

280 300 320 340

Temperature (K) 0+

Figure 3. Solution thermal unfolding curves measured by intrinsic Trp 1207 (b) 3+ ions

fluorescence (268 nm excitation) of Trp-cage-BoTMR@®1) in water/

Normalized Fluorescence Intensity per lon (%)

= ) . : - P 100-:

acetonitrile solutions in which the volume fraction of acetonitrile is 0% b

(squares) or 50% (diamonds). 804
S 100 60
2 al . o -
% 3007 ] DDDQN mutant " g 401
8 a . 80 3 1 W .
& 250 Peog, 5 204 = Tre-cage 8.,
= Tog, 60 & ] -= DYN mutant @
2 2007 . T 2z A ——
7] Trp-cage , I—' 40 < 320 360 400 440
£ 1507 - 2 § . Temperéture (}.() - -
£ . ] Figure 5. Normalized fluorescence intensity per ion vs temperature for
2 100=e 2t t e 0 the (a) 2+ and (b) 3t ions of Trp-cage-BoTMR (closed squares) and D9N

280 300 320 340

Temperature (K) Trp-cage-BoTMR (open squares). Model fits to the data are delineated by

) ) ) o curves. Intensities are normalized to 303 K values.
Figure 4. Solution thermal unfolding curves measured by intrinsic Trp

fluorescence of Trp-cage-BoTMR (closed squares, Yedkis) and DON Table 2. Differences Between Thermochemical Parameters of
mutant (open squares, rigiaxis) in aqueous solutions. Gas-Phase lons of Trp-cage-BoTMR and the Variant D9N
Trp-cage-BoTMR Derived from Fluorescence Measurements
which had Asn instead of Asp were less well-folded as charge A(AH) A(AS)
determined by NMR8 To our knowledge, the present work state (kd/mol) (I/mol-K)
represents the first evaluation of thiegle-pointmutation, DON, 2+ 164+ 12 29+ 30
of Trp-cage in solution and in gas phase. 3+ 17+19 44+ 48

The lower fluorescence intensity measured for unsolvated ions
of the DON mutant at 303 K compared with that of unmutated

. . . ) In solution Lys8 is in its protonated, positively charged form
Trp-cage is consistent with some degree of correlation between

; . ) X and Asp9 is in its negatively charged, deprotonated form.
conformations in solution and in gas phase. The DON mutant e ver, in the gas phase, charge separation is destabilized by
presymably has the Trp s.|de chain less sequestered in its cagene |ack of solvatiorf? and this may favor a configuration in
leading to more quenching and lower fluorescence due o hich | ysg is deprotonated and Asp9 is protonated, i.e., both
increased dye-Trp interaction. Interestingly, the overall shapes .oqiques are uncharged. Evidence has been pre&&mtavhich

of the gas-phase melting curves of Trp-cage and the DON mutanti, icates the existence of salt-bridge structures in unsolvated
(Figure 5) are not substantially different, and the associated ;o molecule ions such as the (@WH)* of bradykinin. One factor
thermochemical parameters are the same within experimental,ich plays a role in the presence or absence of salt bridges is
uncertainty (Table 2). The enthalpy change for the DON mutant o gas-phase basicities (GB) of the participating gro&@s.

is expected to be significantly lowérthan that of Trp-cage if

a salt bridge involving Asp9 were stabilizing the gas-phase (72) zheng, v.-J.; Ornstein, R. L. Am. Chem. Sod.996 118 1123711243,

_ . i i (73) Campbell, S.; Rodgers, M. T.; Marzluff, E. M.; Beauchamp, JJ.LAm.
struct_ure of Trp cage T_hus the_salt bridge, though an important Chorm Soclton 10 1284012804
contributor to stability in solution, does not appear to be a (74) Schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, EJRAm. Chem.

iqnifi i ili - Soc.1996 118 7178-7189.
S|gn|f|c_ant contributor to the observed stability of these gas (75) Wytienbach, T Liu, D.: Bowers, M. Tot. J. Mass Spectron2005 240,
phase ions. 221-232.

(76) Strittmatter, E. F.; Wong, R. L.; Williams, E. R. Phys. Chem. 2000
104, 10271-10279.

(71) Strittmatter, E. F.; Williams, E. Rl. Phys. Chem. 200Q 104 6069- (77) Strittmatter, E. F.; Williams, E. Rnt. J. Mass Spectron2001, 212, 287—
6076. 300.
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Figure 6. The total number of hydrogen bonds between the backbone
carbonyl oxygens and any other part of the molecule for the{a)kBR16
charge configuration, open triangles; Q5R16, closed triangles) andHb) 3
(N1K8R16, open squares; N1Q5R16, closed squares) ions of Trp-cage-
BoTMR, as determined from molecular dynamics simulations. The lines
connecting the data points are included to guide the eye.
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Salt-bridge structures are favored by higher B8’ and the

the range 84 £11) to 99 &5) kJ/mol (Table 1). The more
complete conformational change for the- 3on (Figure 2b)
yields better model fits to the data with smaller uncertainties
(Table 1) and, as a result, a more reliable comparison with
calculations. Since the values A&Hiy; for both Trp-cage and
the DON mutant do not differ significantly and compare well
with the calculated number of hydrogen bonds, the folded
structures of the unsolvated ions are most likely stabilized by
hydrogen bonds instead of a salt bridge. This conclusion differs
from earlier estimat@$ of the energetics made prior to the
mutant experiments and MD calculations of the hydrogen bonds
for Trp-cage with an attached dye.

Interestingly, the values ohHj, for the N1Q5R16 config-
uration of the 3 ion are higher than those of the N1K8R16
configuration (Table 1). This discrepancy occurs because the
calculated change in Coulomb enerdyEcou, for NLQ5R16 is
approximately seven times larger than that of N1IK8R16. The
larger AEcoy value for N1Q5R16 is primarily due to increases
in the charge-charge distances, NIR16 and Q5 R16, which
occur between 302 and 445 K during MD simulations (data
not shown).

These experiments provide a unique opportunity to directly
compare both the enthalpy and entropy changes of protein
conformational change in solution with the values in gas phase.
The enthalpy changes can be accounted for by the energies of
noncovalent interactions, as demonstrated in the preceding
paragraph. However, accounting for the entropy changes is more
difficult. The values ofAS for conformational change in Trp-
cage are 16% to 98% higher in gas phase than in solution (Table
1). One possible contributor to the highe®values in gas phase
is increased order in the folded state compared to that in solution.

two protonated, positively charged sites in the salt bridge of For example, in the absence of solvent, additional local order
bradykinin are both Arg, the most basic of the amino aCidS, but may be induced through the solvation of Charges by po|a|’
in Trp-cage one is Arg and the other is Lys. (The GBs of Arg  functional groups of the polypeptide backbone. The discrepan-
and Lys are 1007 and 951 kJ/mol, respectivély.) cies between the solution and gas-phAsevalues may also
Solvent-exposed hydrogen-bond donor and acceptor groupsstem in part from the absence of ordered witabout the
can form new intramolecular hydrogen bonds upon removal of protein surface in gas phase. The free energies of transfer of
solvent® thus giving rise to higher unfolding enthalpies in gas  individual amino acid® to water from organic solvents or gas
phase than in solution (Table 1). The numbers of hydrogen phase may potentially offer a measure of water-ordering effects.
bonds in the 2- and 3t ions derived from MD simulations are  However, separation of these values into their enthalpic and
pIOtted as a function of temperature in Figure 6. For the Q5R16 entropic Components is hindered by entha.}py'tropy com-
and K8R16 charge configurations of thé- 2on the number of pensatiort.
hydrogen bonds d_ecreases by _1.4 and 2.4, respectively, between p,10ular Dynamics/Fluorescence ComparisonRepre-
302 and 445 K (Figure 6a). This corresponds-®0 to 60 and  gneative structures resulting from MD simulations of the 2
~50 to 100 kJ/mol, respectively, based on published hydrogen Q5R16 and 3 N1Q5R16 ions of Trp-cage derivatized with
bond energie$8° A direct quantitative comparison between g5piPy TMR are shown in Figures 7 and 8, respectively,
the decrease in the calculated number of hydrogen bonds and,jongside the NMR structuféThe backbone root mean squared
the enthalpy change derived from model fits to the data for the yaiation (RMSD) from the NMR structure was calculated and
2+ ion (Table 1) is difficult because the conformational change averaged over all 5 10F structures generated during the 500

is incomplete over this temperature range, that is, only small ¢ simulations. The RMSD values for the- D5R16 and 3
changes in fluorescence are measured at the highest te.mperaturq@lQSRls ions at 302 K are 4.04 and 3.34 A, respectively. At
for this charge state (Figure 2a). For the- 8onfigurations, 445 K, the RMSD values for thei2and 3+ ions are 4.07 and
N1Q5R16 and N1K8R16, the calculated number of hydrogen 4 55 & respectively. Similar backbone configurations are

bonds decreases by 2.3 and 1.9, respectively, between 302 anflpiained for simulated2 K8R16 and 3 N1K8R16 ions shown
445 K (Figure 6b), corresponding te45 to 100 anch-40 to in Figures 9 and 10, respectively. The RMSD values for the

80 kJ/mol’®8 These results agree reasonably well with the 5 xan16 and 3 N1IKSR16 ions at 302 K are 4.53 and 3.76
values ofAHin for the 3+ N1K8R16 configuration which span & regpectively, and at 445 K the values are 4.74 and 3.79 A,

(78) Kitova, E. N.; Bundle, D. R.; Klassen, J. 5.Am. Chem. So@002 124,

5902-5913.
(79) Grabowski, S. 3J. Phys. Org. Chen004 17, 18—31.
(80) Meot-Ner, M.Chem. Re. 2005 105, 213-284.
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(81) Radzicka, A.; Wolfenden, RBiochemistryl988 27, 1664-1670.
(82) Moser, C. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, Ndture
1992 355 796-802.
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(a) 2+ (Q5R16)
T=302 K

(b) NMR (solution) (c) 2+ (Q5R16)

T=445 K

Figure 7. Representative structures resulting from simulations of the 2
ion (Q5R16 configuration) of Trp-cage-BoTMR (red backbone) at (a) 302
K and (c) 445 K compared with (b) the native structure determined by
NMR (blue backbone; ref 38). 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.

(a) 3+ (N1Q5R16) (b) NMR (solution)
T=302 K

(c) 3+ (N1Q5R16)
T=445 K

Trp

Figure 8. Representative structures resulting from simulations of the 3
ion (N1Q5R16 configuration) of Trp-cage-BoTMR (red backbone) at (a)
302 K and (c) 445 K compared with (b) the native structure determined by
NMR (blue backbone; ref 38). The BoTMR dye, Trp, and charged residues
are gray, green, and yellow, respectively.

(a) 2+ (K8R16)
T=302 K

(b) NMR (solution) ~ (c) 2+ (K8R16)

T=445K

dye
Y N

Figure 9. Representative structures resulting from simulations of the 2
ion (KBR16 configuration) of Trp-cage-BoTMR (red backbone) at (a) 302
K and (c) 445 K compared with (b) the native structure determined by
NMR (blue backbone; ref 38). The BoTMR dye, Trp, and charged residues
are gray, green, and yellow, respectively.

ARTICLES
(a) 3+ (N1K8R16)  (b) NMR (solution) (c) 3+ (N1K8R16)
T=302 K T=445K

| 7
&:dye

A\
\

Figure 10. Representative structures resulting from simulations of the 3
ion (N1K8R16 configuration) of Trp-cage-BoTMR (red backbone) at (a)
302 K and (c) 445 K compared with (b) the native structure determined by
NMR (blue backbone; ref 38). The BoTMR dye, Trp, and charged residues
are gray, green, and yellow, respectively.

molecules external to the protein. In particular, the ASA for
Trp calculated from these MD simulations can indicate the
propensity for quenching interactions with the attached dye. The
ASA values for Trp are calculated as an average over all
structures generated during the 500 ns simulation. The temper-
ature dependence of the ASA for both charge states and
configurations does not exhibit significant change over-300
445 K. Similar to the RMSD behavior, the ASA values infer
relatively compact structures at all temperatures studied. The
order of ASA values is N1IK8R1& K8R16 ~ N1Q5R16>
Q5R16. Interestingly, the ASA values for configurations in
which Lys8 is protonated are a factor o larger than those

in which GIn5 is protonated, for both+2and 3t ions. The
larger ASA values for the configurations in which Lys8 is
protonated suggest that these charge configurations offer a
greater probability for quenching than the configurations with
protonated GIn5. The larger exposure of Trp for the protonated
Lys8 configurations may be due in part to stronger Coulomb
repulsion between Lys8 and Argl6 which leads to enhanced
fluctuations of Trp outside the proline cage.

Quenching and Charge Effects.There is a large body of
evidencé&-88that electric fields can strongly perturb the charge-
transfer process. The Coulomb fields arising from the relatively
unshielded charges are large (0’ to 1¢° V/cm) and could
substantially alter the exothermicity of a charge-transfer
reaction®3-88 |n this case, there may be optimum separations
of the dye, Trp, and charged residues which lead to efficient
charge transfer and quenching of the dye fluorescence. In
addition to dye quenching interactions, the Coulomb fields can
also have a pronounced effect on radiative absorglétrhese
Stark effects can cause changes in absorption by inducing
spectral shifts, level splitting, and changes in the matrix element.
Effects on absorption have been meastiréar the BODIPY

respectively. We note that calculated structures calculated forcore molecule with external fields of10° V/cm. Preliminary

both the GIn5 and Lys8 charge sites remain relatively compact

at the higher temperature as shown in Figures 8 and 10. This is(83) (a) Hilczer, M.; Traytak, S.; Tachiya, M. Chem. Phy2001, 115 11249~

consistent with the unfolded conformations for Trp-cage in
solution calculated by Pande and co-workéasmd suggests that

the fluorescence is probing the temperature dependence of thgss

conformational fluctuations of secondary structure rather than
large scale changes of the tertiary structure.

11253. (b) Hilczer, M.; Tachiya, MJ. Chem. Phys2002 117, 1759~
1767.
(84) Boxer, S. G.; Goldstein, R. A.; Lockhart, D. J.; Middendorf, T. R.; Takiff,
L. J. Phys. Chem1989 93, 8280-8294.
Lockhart, D. J.; Kirmaier, C.; Holten, D.; Boxer, S. G. Phys. Chem.
199Q 94, 6987-6995.
Lao, K. Q.; Franzen, S.; Steffen, M.; Lambright, D.; Stanley, R.; Boxer, S.
G. Chem. Phys1995 197, 259-275.

The accessible surface area (ASA) of the Trp side chain is a (87) Tsushima, M.; Ohta, NI. Chem. Phys2004 120, 6238-6245.

qualitative measure of how accessible Trp is to interactions with

)

)
(86)

)
(88) (a) Callis, P. R.; Liu, TChem. Phys2006 326, 230-239. (b) Callis, P.
R.; Vivian, J. T.Chem. Phys. LetR003 369 409-414.
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measurements of the dye-modified Trp-cage have observed cleafour microsecond4} suggesting the reasonable possibility that
evidence of temperature-dependent spectral shifts and spectrahcetonitrile-induced changes in conformation may be reduced
broadening. In this case, rather than an external field, the field or eliminated owing to refolding during or after desolvation,
originates on the charged residues themselves so that theprior to measuring fluorescence.

conformational fluctuations are characterized by the spectral Conclusions

characteristics. Preliminary measurements of the fluorescence )

emission spectra of thet2and 3+ ions indicate charge state We have presented laser-induced fluorescence measurements

dependent spectral shifts and broadening with increasing tem-Of trapped, unsolvated ions of Trp-cage derivatized with a
perature (data not shown). fluorescent dye as a means to probe temperature-induced

As a result of these quenching and charge interactions amongconformat]onal changes of the protem ina solven.t-.free environ-
ent. This measurement is particularly sensitive to local

the residues and the dye, the underlying processes responsibl@n ) . . .
for the variation in fluorescence intensity are highly dependent conformational changes which alter the mFeracthr) between the
on the local fluctuations of the conformation. Consequently, dYe _and_ a natural quenc_her, Tr_p,_and, n add_ltlon, alter the
these considerations reaffirm that these fluorescence measure‘-j'smlounOr,1 of Coulomb f|g|ds within the protgln. A greater
ments are related to the conformational fluctuations and not adecrease in fluorescence is observed for theidn than for

static structure. Additional experiments and analysis are beingthe f2+ '?_n bletvlzeen 305. har_1d 438 tK,d gonsstfnt CW'tT ab
pursued to help unravel these local interactions leading to the conformational change which IS promoted by greater Loulom

intensity variations, but the general conclusion remains clear repuls_lon in the higher charge stat_e. The (_jep(_and_ence on charge
that the fluorescence probe is sensitive to conformational state Is sqpported by MD simulations which indicate com.pgf:t
fluctuations and can yield valuable information regarding conformations anq a markedly greatgr value for Trp apce35|blllty
biomolecule dynamics in gas phase. (ASA) for the“3+ ion .than 'for thg Z ion. MD calculations of
Solvent Effects. Although the measuredi, of Trp-cage in Trp accessmlll_ty for ions in which L_y38 is charged appear to_
1:1 acetonitrile/water is 32 K lower than that measured in the be more consistent with the experimental data than those in

: - L . L which GIn5 is charged. Although replacing Asp9 with Asn
aqueous solution without acetonitrile (Figure 3), no significant clearly disrupts the Trp-cage fold in solution, this substitution
difference is observed between the melting curves of the 9as- . cults in only slight changes in the meltir;g curves of the
phase ions formed from these solvent systems (Figure 2). Theunsolvated ions. This suggests that-a— + salt bridge in-
extent to which solvent-induced changes in protein structure volving Lys8 As.pg and Arg16 is important for stabilizing the
are retained in the gas phase is the .subje.c.t of active investigationfold in soluti’on bui does not significantly contribute to the
322 da%pleRaI;stt;) csif:upden?hon |t(he p.rotelr;.r\]lv |II|amd§ and c o.-wéPfkers stability of the unsolvated ions. The experimentally derived

g y the kinetics o eme Issociation from enthalpy change of unsolvated ions can be accounted for by
holomyoglobin ions formed from pseudonative (80% water/20% the decrease in the number of hydrogen bonds with increasing
methanol) and denaturing (1:1 water/methanol, 0.1% acetic acid)

. . S . ._“temperature indicated by MD simulations. MD calculations for
solutions. The Arrhenius activation energies and pre-exponential -
. . . the temperature dependence of hydrogen bonds intheharge
factors of ions formed from denaturing solutions were lower

than those of ions formed from pseudonative conditions, state in which Lys8 is charged appear to be more consistent

consistent with a retention of the solution conformation in the with the experimental data than those in which GIn5 is charged.

. The uncertainty in the experimental thermochemical values for
gas phase. Clemmer and co-workers characterized the confor- y b

mations of ubiquitin ions formed from pseudonative (89% water/ the 2+ ion precludes a reliable conclusion for this charge state.

9% acetonitrile/2% acetic acid) and denaturing (49% water/49% A p_Ianned anaIyS|s_of Cc_;ulomb field eﬁgcts shoulc_i help_ to
o . : . - ; L assign the charge sites with greater certainty. MD simulations
acetonitrile/2% acetic acid) solutions using high-resolution ion-

o . . suggest that conformational fluctuations are the important
mobility spectroscopy§.The ions formed from pseudonative . . . .

. L . dynamical behavior leading to the changes in fluorescence. The
solutions exhibited a larger fraction of compact structures than

. . : - melting curves of the unsolvated Trp-cage ions are invariant
the ions formed from denaturing solutions, providing another _ . o . .
S . . ) with the acetonitrile concentration of the electrospray solution,
result which is consistent with some degree of preservation of

. . . . possibly as a result of protein refolding during or after
solvent-induced conformational differences in the gas phase. . ) g .

- desolvation. Strong Coulomb fields arising from the unshielded

However, the authors noted that the apparent correlation between

- . charges can affect the measured fluorescence through (1) shifts
solution and gas-phase structures may also stem in part from . . .
) . . . . and/or broadening of the absorption spectra owing to Stark
differences in the evaporative cooling of the different solvénts. . g
effects and (2) alterations of the exothermicity of charge-transfer
On the other hand, Douglas and co-workers reported that the - . -
o . - processes. Extension of these studies to time-resolved measure-
collisional cross-sections and hydrogen/deuterium exchange

levels of lysozyme were essentially the same for ions formed ments of the dye lifetime will help to isolate the quenching

from aqueous and denaturing (20% water/80% methanol) mteractl'on of .the dye by Trp and poss@ly provide a finer
. . comparison with local dynamics characterized by MD simula-
solutions. The authors proposed that the denatured protein

. . tions. It is clear that defining the mechanisms of the local
refolds in the gas phase to a compact structure on the time scale g

3 - L . interactions in gas-phase biomolecules requires more study.
of <1073 s, thus masking the original solution-phase conforma- ;
S L : However, an essential result of the measurements reported here
tion.!* The protein in the present study, Trp-cage, folds in only

is that the fluorescence probe yields a consistent, physical picture
of biomolecule dynamics evolving with temperature. This work

(89) Liptay, W. InElectronic StatesLim, E. C., Ed.; Academic Press: 1974;

Vol. 1, p 129. lays the foundation for using fluorescence measurements
(90) Bublitz, G. U.; Boxer, S. GAnnu. Re. Phys. Chem1997, 48, 213-242. ; ; ; ; indivi
(91) Bergstim, F.; Mikhalyov, |.; Hayglof, P.; Wortmann, R.; Ny, T.; Johansson, _Combm(_ad with Fheorethal Cal_CU|atlons to probe the IndI_VIdual
L. B.-A. J. Am. Chem. So@002 124, 196—204. interactions which stabilize higher order structure of biomol-

6734 J. AM. CHEM. SOC. = VOL. 129, NO. 21, 2007



Trp-Cage Protein Conformation ARTICLES

ecules and noncovalent complexes in the absence of the Supporting Information Available: Complete ref 59, MD
complicating effects of solvent. force field parameters for dye, data for BoTR-derivatized Trp-
cage ions. This material is available free of charge via the
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