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Abstract

Sensitive methods developed to measure laser-induced fluorescence from trapped ions have been applied to study the intermediate states
the dissociation of oligonucleotide duplexes. Double-stranded oligonucleotide anions were prepared with FRET donor/acceptor pairs attached.
Gas phase ions were generated by electrospray ionization and injected into a heated quadrupole ion trap where they were stored and expose
to Nd:YAG laser pulses at 532 nm. The dissociation of the duplexes into single strands was monitored by both fluorescence and mass spectra.
The comparison of the degree of dissociation of the duplex observed in the mass spectra to the fluorescence intensity of the donor allows
for the determination of the intermediate conformations of the unzipping duplex. The observation of changes in the donor fluorescence in
the absence of single strands correlates with an intermediate state characterized by threshold unzipping at the weaker binding end of the
duplex. These data are consistent with a model of intermediate state formation as a function of temperature. These studies suggest that FRET
methods will be useful to obtain direct measurements, which characterize the dynamics of conformational changes of biomolecules in the gas
phase.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction of ions over timescales sufficient to consider small ion
_ _ numbers and slow reaction rates. It will be demonstrated
There is a growing body of resear¢h,2] that has fo-  that this fluorescence technique can be used to detect con-

cused on measuring the dynamics and structure of biopoly-formational changes of gas phase species. The extension
mers in a gas phase environment. The ability to isolate andof FRET methods, widely used in solution studies, to mea-
study molecular processes in gas phase avoids the complexsurements of trapped biopolymer ions provides the oppor-
ity accompanying solution phase measurements, which istunity to directly correlate changes in fluorescence intensity
clearly an advantage for the interpretation of microscopic with changes in the average conformation of biopolymer
details. Furthermore, such studies offer the possibility that molecules. This paper describes the application of FRET
an understanding of gas phase dynamics, and the variationsnethods to investigate the gas phase dissociation dynamics
introduced by hydration of the biomolecule, will lead to a of double strand oligonucleotide aniof&. The trap offers
correlation with solution phase measurements. This papera unique capability to correlate in situ fluorescence data
introduces biopolymer fluorescence techniques which offer with ion mass spectra leading to a new approach to study
the possibility to directly observe conformational dynamics the intermediate states immediately preceding dissociation
in gas phase. of the double-stranded oligonucleotide ions.

Recently developed fluorescence techniq(@s have Section 2describes the experimental methods to prepare
been applied to measure fluorescence resonance energyligonucleotides derivatized with appropriate fluorophores
transfer (FRET]4] in trapped biopolymer ions. Quadrupole  and the apparatus to obtain fluorescence and mass spec-
ion traps provide a controlled environment in which fluo- tra data.Section 3presents initial measuremeri,7] of
rescence measurements can be performed on an ensemblgapped 14-mer double-stranded oligonucleotides which

display characteristics consistent with a metastable interme-
* Corresponding author. Teh:1-617-497-4653; fax41-617-497-4627. diate state associated with the dissociation dynamics into
E-mail address: parks@rowland.harvard.edu (J.H. Parks). single strands.
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2. Experimental spectra cannot be assumed to be identical in gas phase. To
identify the extent to which environment polarity affects the
2.1. Oligonucleotide FRET preparation dye spectra, measurement of the absorption and emission of

both BODIPY-TMR and BODIPY-TR dyes were compared

Oligonucleotides were derivatized with amino groups at for different solvents using a Spex Fluorolog spectrome-
either the 3or 5 end of the strand, and were conjugated ter. The measured spectra for BODIPY-TMR in methanol
with fluorophores that hav&-succinimydil ester groups and hexane, shown ifrig. 23 and for BODIPY-TR in
that react with the amino functionalities. The fluorophores, methanol and pentane, shownhig. 2b were found to be
analogs of tetramethylrhodamine (TMR) and texas red very similar so that we assume the gas phase and solution
(TR), are from the BODIPY line of products available from spectra will not be significantly different. Since these dyes
Molecular Probes. The chemical structure for these fluo- will be used at elevated temperatures, the possibility that
rophores are shown iRig. 1a and band the publisheB] the relative quantum yield varies with temperature was also
absorption and emission spectra measured in solution areinvestigated. Both BODIPY-TMR and BODIPY-TR fluo-
shown inFig. 1c Although these dyes were designed to be rescence was measured at 23 and®Q@vas found not to
charge—neutral in solution, the dye absorption and emissionvary significantly for either dye, as shown fig. 3.
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Fig. 1. Structures of (a) BODIFY TR-X, SE; (b) BODIPY’ TMR-X, SE and their absorption (solid curve) and emission (dashed curve) spectra. The
laser wavelength (532 nm) is indicated by the vertical line.
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Fig. 2. Absorption and emission spectra of (a) BODFPYMR in methanol (solid curve) and hexane (dashed curve) solvents-at20°C and (b)
BODIPY® TR in methanol (solid curve) and pentane (dashed curve) solverfis=a20°C.

Oligonucleotides were obtained commercially (Syn- tions for nanoelectrospray ionization (nanoESI) solutions
thegen Modified Oligonucleotides, Houston, TX). Dye were 5-1QuM in 50:50 methanol/water or 60:20:20 ace-
conjugation has been performed in-house following the tonitrile/isopropyl alcohol/water with the final ammonium
Molecular Probes protocol, but final products also have acetate concentration between 5 and 10 mM.
been obtained commercially (Synthegen Modified Oligonu-
cleotides). Complementar_y single strands were combineds > F|,orescence detection and mass spectra
at a concentration of 50M in a 50 mM ammonium acetate

solution and annealed for 8 maB0°C, then slowly cooled Details of the quadrupole ion trap/laser-induced fluores-

to room temperature over 2-3 h to form the oligonucleotide -ance instrument shown Fig. 5have been given elsewhere

duplexes. The presence of duplexes was verified in solution[3]_ lons generated by nanoESI enter an octapole ion guide
by absorption spectroscopy. The absorbance at 260 nm versom which they are injected into a quadrupole ion trap. The

sus temperature profile is shownFig. 4 for the following trap electrodes and He gas inlet reservoir are seated in a
14-mer model sequence: copper housing which is heated by heater cartridges to a

BODIPY-TMR-5-AATTAATCCGGCCG-3 maximum temperatu_re of 17C (Model 965_ t_emperature
controller, Watlow) with a temperature precision-b1 °C.

BODIPY-TR-3-TTAATTAGGCCGGC-5 The He bath gas pressure wa®.4 mTorr and was pulsed

to ~1mTorr before loading ions into the ion trap. Under
Because the single-stranded oligonucleotides have higherthese conditions, the trapped ions were equilibrated by >10
extinction coefficients than the double-stranded oligonu- collisions with the He bath gas which was maintained at the
cleotide, UV spectrophotometry can be used to confirm the temperature of the trap electrodes. These ions are exposed
presence of the 14-mer duplex in solution. The thermal to Nd:YAG laser pulses~15ns, 100 Hz) at the frequency
denaturation curve of the 14-mer duplex measured by UV doubled wavelength 532 nm. The laser beam diameter has
absorbance displayed Fig. 4 provides a unique signature been reduced te-150pum to eliminate scattering on trap
for the presence of the duplex species. Final concentra-apertures and electrodes. The resulting laser—ion interaction
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Fig. 3. Absorption and emission spectra of (a) BODFPYMR at T = 20°C (solid curve) andl' = 59°C (dashed curve) in methanol solvent; (b)
BODIPY® TR in methanol solvent af' = 20°C (solid curve) andl’ = 59°C (dashed curve).

is limited to a volume of~10-°cm?® which is ~0.03-0.15 In these experiments, only the donor fluorescence was de-
of the total ion cloud volume, depending on trap operating tected. The fluorescence was focused through an aperture of
parameters and temperature. The bandpass filter used for<1 mm positioned before a photomultiplier detector (PMT;
these experiments passes Wave]engths 535-580 nm, correHamamatsu R1463) This limited the fluorescence collec-
sponding to the donor fluorescence bandwidth Sgelg. tion to a solid angle defined by the laser—ion interaction vol-

ume which helped to minimize the detection of background
laser scattering. The most significant achievement in the
development of these methods for measuring laser-induced

g 052 fluorescence from trapped ions has been the elimina-
e s tion of background laser scatterirdyring the excitation

T 050 _."(- pulse.

< An important advantage provided by the ion trap is
® 048] . the ability to compare the fluorescence and the associated
8 mass spectra of the trapped ions. Examples of the detected
§ 046 H mass and fluorescence spectra for 4- charge state ions of
o /“I AAAAGCAAAA derivatized with BODIPY-TMR at its

N e — 3 end ([B-AAAAGCAAAA-3’-BODIPY-TMR]*") are

< 20 25 30 35 40 45 50 55 60 65 70 75 shown inFig. 6a and bThe peak area for the 4- charge

Fig. 4. Absorption at 260 nm vs. temperature for solution of BODIPY-
TMR-5-AATTAATCCGGCCG-3 and B3-CGGCCGGATTAATT-3-BO-

DIPY-TR.

Temperature (°C) state ions shown ifrig. 6acorresponds to the detection of

approximately 3650 ions by the Channeltron electron mul-
tiplier. Thus, approximately 7300 ions were present in the
trap during the 60 s of laser irradiation. An estimate850
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Fig. 5. Schematic of the ESl/ion trap/laser-induced fluorescence assembly showing the spray, heated capillary, shutter, two skimmers, 36 @on octapol
guide leading into the quadrupole ion trap and finally the ion detector. Shown above the trap xgzthteagslatable fluorescence detection apparatus
including two lenses, filters, 1 mm aperture and PMT.

ions were irradiated by the laser beam, based on ion cloud3. Duplex dynamics: intermediate states
density calculations and the volume of overlap between the

ion cloud and the laser bearkig. 6b shows the pulsed Previous measurements of duplex dissociation in gas
fluorescence signals corresponding to the photoelectronsphase[5] relied on mass spectrometry to detect the onset
detected during each 15ns laser pulB&. 6¢c demon- of single strand ions. Measurements of this type preclude

strates the low background signal achieved in the absencethe observation of intermediate or transitional states prior
of stored ions. This 10-mer oligonucleotide sequence andto dissociation. The departure from two-state thermody-
several other sequences of 7-14 bases in length have beenamics has been observed in solution phase measurements
successfully analyzed with mass spectrometry and fluores-of the melting temperature of oligonucleotide duplexes
cence in the gas phase. This demonstration of laser-inducedvith less than 20 base paif$2]. The possibility that such
fluorescence of derivatized biomolecules in the gas phase isstates are present in gas phase dynamics was suggested by
the first known example of its kind. collision-induced dissociation of oligonucleotidgs3,14].

The fluorescence intensity emitted by trapped ions The capability of applying FRET fluorescence techniques to
increased nonlinearly with increasing ion number, as detectand quantify biopolymer dynamics can be investigated
shown for [BODIPY-TMR-3-AATTAATCCGGCCG-3]6- by the study of such intermediate states. The emphasis in the
in Fig. 7. This behavior has been observed previously present experiments was to configure a duplex composition
for singly charged ion$3] and was attributed to a space that would exhibit an unambiguous dynamic signature of
charge-limited ion cloud density that approached a con- an intermediate state. These initial measurements will help
stant value as a result of increasing electrostatic repulsionto identify the sensitivity of FRET methods to detect and
[9]. The ability to estimate the effects of space charge on identify conformational change in gas phase biopolymers.
fluorescence intensity is important for biopolymer ions be-
cause these multiply charged ions result in saturation of the 3.1. Intermediate state model
ion density at relatively small ion numbers-1000 ions).

The number of ions in the overlap volume of the laser  One of the goals of developing this technology is to be
and ion-cloud was estimated by calculating the ion density able to monitor conformational changes of noncovalent
n(z r) within a mean field approximatiof10,11] The ion complexes in the gas phase with FRET. Thus, changes in
number was then obtained by integratin,r) through- fluorescence intensity can be correlated with changes in
out the overlap volume defined by the laser cross-section.average conformation of the species of interest. To this end,
Further details of this calculation, which accurately re- we designed a 14-mer model oligonucleotide duplex with
produced the ion number dependence exhibited by thethe sequence AATTAATCCGGCCG and its complement.
fluorescence data as indicatedRig. 7, will be presented This oligonucleotide sequence was chosen to strongly
elsewhere. bias the possibility that a long-lived intermediate state will
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A kinetic model based on the simplified potential energy
diagram shown irfrig. 8was formulated to describe the dis-
sociation of the oligonucleotide duplex through an interme-
diate stateFig. 8 depicts potential barriers and transition
rates between a duplex state (1) and an intermediate state
(2) and also between the intermediate state and a dissocia-
tive state (3). In this case the intermediate state represents a
partially unzipped oligonucleotide. The rate equations and

Abundance
o o o (] o
D

01 solutions characterizing these transitions are presented in
0 “*"...‘. Appendix A As indicated irFig. 8, the ability to observe an
600 800 1000 1200 1400 1600 1800 intermediate state (2) depends on the relative barrier heights
(a) m/z E1» andEzs. If Eq2 > Eo3, the dissociative transition will
- be essentially a two-state process as indicated by the dashed
% 2.07 curve. In this case the kinetic rate through the intermediate
o state (2) will be fast enough that it will not be detected by
=l 1.57 these fluorescence measurements. Howeveétif< E»s,
= the transition will be slower so that the molecule can reside
e > 1.0 in the intermediate state long enough to increase the proba-
3L bility of detection by fluorescence.
3 L 059 Solutions of the rate equations were calculated for
S a model duplex composed of partially complementary
u—:_’ 07 14-mer strands and are plotted Kig. 9a—d As dis-
o 10 20 30 40 50 60 cussed in more detail below, a combination of_the se-
. guences AATTAAT and CCGGCCG was chosen in order
(b) Time (s) to take advantage of previous measuremgbisof gas
= 20- phase dissociation rates for duplexes composed of these
2 ' sub-sequences. As a result, this model includes rates which
f'E’ 157 are realistic estimates for the various transitions of the ex-
° = 10 perimental duplex. Specifically, the dissociation _rates for
o 5 d(AATTAAT) 23~ and d(CCGGCCGP~ were previously
® S (s measured aka.T = 101> exp(—1.44/kT) (s~ 1) andkc.g <
? S 10165 exp(—1.65/KT) (s 1) where the activation energies
g 0 are in units of eV and the duplex is assumed to be equi-
= (‘) 1‘0 2'0 3'0 4'0 5'0 6'0 librated at temperatur@. In the rate equations describing
L ) the kinetics, the rates identified Fig. 8 are approximated
) Time (s) by takingki» ~ ka.T andkos ~ kc.g. The reverse ratko;
Fig. 6. (a) Single scan mass spectrum OFARAAGCAAAA-3'- was estimated by takingi2/k21 = exp((AG12/KT) where
BODIPY-TMR; isolated 4- charge state gt = 0.58, T = 25°C. the free energy changaGj,, was calculated fromil2].
(b) Single scan fluorescence spectrum from-ABAAGCAAAA-3 '- The model yields the total fluorescence emitted by the

BODIPY-TMR]*"; pulse energy: 0.90J. (c) Representative spectrum of  angemble of oligonucleotides distributed over the three
PMT signal with no ions loaded in ion trap. states by the temperature-dependent kinetics. The donor
fluorophore is within 3-5 A of the acceptor in state 1 so that
be present. Solution phase melting experiments have esthe donor fluorescence is negligible. The dissociated donor
tablished that terminal bases composed of pairs have strand has maximum fluorescence in state 3, and the fluores-
a tendency to fray, or break the bonds near the duplex cence intensity in the intermediate state 2 depends strongly
terminal [12]. In addition, the greater stability of -G on the average acceptor—donor separati{Bp), relative to
bonds relative to those of ‘A suggested that a duplex the Foérster distancdyy. At this distance, the energy trans-
sequence composed of A pairs followed by GG pairs fer rate reduces the donor fluorescence by approximately a
could provide sufficient enthalpy bias to form a long-lived factor of 2. The graphs display both the donor fluorescence
metastable intermediate state. Dissociation of the duplexintensity and the single strand density for different values
into single strands, often described as “unzipping”, would of (R2)/Ry. In Fig. 93 (R2)/Rg = 0.65 is sufficiently small
more likely start from the end containing the TAbase that the FRET donor fluorescence is significant only for
pairs. Consequently, the members of the FRET pair were temperatures for which the duplex dissociates.(Rs)/Ro
placed on the appropriate termini to result in increased dis- increaseskig. 9b—d the fluorescence intensity is observed
tance between the dyes at the beginning of the dissociationto increase at temperatures for which dissociation into sin-
process. gle strands does not occur: the experimental signature of
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Fig. 7. Fluorescence intensity from [BODIPY-TMR-BATTAATCCGGCCG-3]%~ as a function of number of ions detected; pulse energyud;0
isolated 6- charge state at = 0.54, T = 25°C. Solid curve derived from space charge calculations of the ion densities.

the intermediate state. FORz)/Rp > 1, the donor fluores-  were acquired for 60s periods at emission wavelengths
cence increases rapidly with temperature and significantly corresponding to fluorescence from the donor molecule.
distorts the sigmoid shape of the temperature dependenceAn example of the data obtained under these conditions is
Comparing FRET fluorescence data with such an interme-shown inFig. 11 The mass spectrum [ig. 11ashows that
diate state model will help to identify the presence of such no product ions were formed when the duplex ions were
an intermediate state and the degree to which this simpleheld at 117C for 60s.Fig. 11bshows weak fluorescence

kinetic model characterizes such transitions. from the donor molecule during the same time period. At
room temperature, no donor fluorescence was expected
3.2. FRET measurements of model 14-mer duplex because FRET should be occurring at an efficient rate. A

relatively small amount of fluorescence was detected by the
Duplex ions were identified in the gas phase by the PMT at room temperature, which could be due to leakage
nanoESI mass spectrum of a @M solution containing of acceptor fluorescence or incomplete energy transfer from
the complementary 14-mer model sequences as shown irdonor to acceptor. The room temperature donor fluores-
Fig. 10 Double-stranded oligonucleotide ions were unam- cence from the duplex was considered to be the baseline
biguously identified only at the odd charge states in the for subsequent measurements.
mass spectrum. The 7- charge state ions of the duplex were The temperature range over which mass and fluores-
isolated in the quadrupole ion trap and fluorescence datacence spectra were acquired was set below the threshold

1) 2) 3)

Fig. 8. Simplified potential energy diagram indicating the kinetics associated with the melting transition of a duplex to single strands whashainclud
metastable intermediate state. The dashed curve represents a potential energy which would characterize a “two-state” transition. The duplex is sho
with donor (D) and acceptor (A) fluorophores attached. The intermediate state is characterized by the partially “unzipped” duplex.
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Fig. 9. Plots of the rate equation solutions calculated for the rates giv&edtion 3.1showing the population of the metastable st#@¥ @nd the
dissociative state (solid curve) vs. temperature for different values of the paraRgRy (a—d). The shaded portion of each plot indicates the temperature

range over which there is negligible dissociation of the duplex.

temperature of~130°C at which the duplex ions were ob-

the donor are also shown Fig. 12h The increase in fluo-

served to fragment during the 60 s storage interval. The ab-rescence irFig. 12acan be attributed to increased distance
sence of product ions was verified in the mass spectrum thatbetween the FRET donor and acceptor fluorophores. The in-

was acquired after each 60 s fluorescence measurement,

corereased separation between the FRET pair was not a result

firming that fluorescence measurements were made of intactof dissociation of the duplex into single strands, because

duplex ions.
The data acquisition illustrated Fig. 11was conducted

single-stranded ions were not observed in the mass spec-
trum. Note that inFig. 12 there is no pattern of increased

at several different temperatures, and the resulting fluores-fluorescence over this temperature range from a single strand

cence intensities are shown kg. 12a The fluorescence
intensities from the 14-megingle strand derivatized with
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Fig. 10. Mass spectrum of the 14-mer duplex of BODIPY-TMR-5
AATTAATCCGGCCG-3 and 3-CGGCCGGATTAATT-3-BODIPY-TR;
single strands denoted with ss, double strands with ds.

derivatized with the FRET donor fluorophore. The detection

of a slight increase in donor fluorescence from the duplex

ions suggests that the duplex ions were undergoing a con-
formational change occurring before complete dissociation
into single strands.

3.3. Data—model comparison

The FRET data has been compared with calculations de-
scribed inAppendix Awhich are based on the intermediate
state model described iBection 3.1 The FRET data ob-
tained for the complementary 14-mer duplex

BODIPY-TMR-5-AATTAATCCGGCCG-3
BODIPY-TR-3-TTAATTAGGCCGGC-5

will be compared with a calculation performed, as described
above, with rates derived from similar but only partially
complementary strands

BODIPY-TMR-5-AATTAATCCGGCCG-3
BODIPY-TR-3-TAATTAAGCCGGCC-5



Fluorescence (arb. units) & Abundance

G

Fig. 11.

012+
010

008

o

o

o
|

0.04

0.02

o

A.S Danéll, JH. Parks/International Journal of Mass Spectrometry xxx (2003) YxXx—xxx 9

(ds)

1.2
1.0+
0.8
0.6+

[T T T [T T T [T T T[T T T[T T T[T T T[TT

800 1000 1200 1400 1600 1800 2000
m/z

(a) Single scan mass spectrum of solution of BODIPY-TNR-5
AATTAATCCGGCCG-3 and 3-CGGCCGGATTAATT-3-BODIPY-TR;
isolated 7- charge state of duplex@at= 0.54, T = 117°C. (b) Single
scan donor fluorescence spectrum from 7- ion of duplex of BODIPY-
TMR-5-AATTAATCCGGCCG-3 and 3-CGGCCGGATTAATT-3-BO-

Time (s)

DIPY-TR; pulse energy: 1.QJ.

Fig. 12. (a) Donor fluorescence intensiticl)( from 7- ion of du-
plex of BODIPY-TMR-B-AATTAATCCGGCCG-3 and 3-CGGCCG-
GATTAATT-3’-BODIPY-TR as a function of temperature; conditions as
in Fig. 11 (b) Fluorescence intensitiedj from 6- ion of single strand
BODIPY-TMR-5-AATTAATCCGGCCG-3 as a function of temperature.
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Fig. 13. (a) Plot of the rate equation solutions calculated for the rates given
in Section 3.1showing the population of the metastable st @nd
the dissociative state (solid curve) vs. temperature{Ry) ~ Ro ~ 48 A.
The shaded portion indicates the temperature range over which data
was obtained. (b) Plot of the duplex donor fluorescence intensity data
from 7- ion of duplex of BODIPY-TMR-5AATTAATCCGGCCG-3 and
5-CGGCCGGATTAATT-3-BODIPY-TR (M) shown inFig. 12aand the
rate equation solution (solid curve) for the metastable state shown in (a).

Consequently, such a comparison will not be reliable for
guantitative conclusions regarding the threshold temperature
range, but can serve to qualitatively consider the exponen-
tial shape of the threshold. To compare FRET data with the
intermediate state model requires assumptions of the aver-
age fluorophore separation in the transition state. This sep-
aration depends on the length of theTAportion of the
oligonucleotide sequence. For the experimental sequence,
the length of the 7 bp A" portion was approximateh24 A

and the ensemble average of the fluorophore separation was
assumed to occur at18(°, a distance of-48 A.

Fig. 13adisplays the calculated total fluorescence of the
oligonucleotide distribution over the available states as a
function of temperature fo(R,) = 48 A. The shaded area
indicates the temperature range covered by the experimental
data.Fig. 13bcompares the experimental fluorescence data
with the calculation in this temperature range. The data were
normalized to the calculated curve at one point but no curve
fitting was applied.

This comparison supports the presence and observation of
a conformational state in which only a part of the duplex has
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become “unzipped”. This can be concluded from the fluo- in the presence of water. In principle, a valuable contri-

rescence threshold data in the absence of dissociated singléution to this understanding can be achieved if gas phase

strands which the model predicts for sufficiently small tem- measurements can be performed as a function of the level

peratures. The mass spectra show that the double-strandedf hydration. Such measurements can address the effect of

oligonucleotide remains intact, but the increase in fluores- water interactions with hydrogen bonds, charge sites and

cence of the duplex indicates an increased spatial separatiorprocesses leading to local entropy variations. The hydration

of the dyes conjugated to the oligonucleotides on th€ A  of electrosprayed gas phase species has been achieved by

ends. This information supports our hypothesis that the various method$21-23]and continues to receive ongoing

14-mer should separate from theTRend, and provides us consideration[24]. Gas phase experiments have investi-

with an estimate of the temperature range over which the gated the effect of hydration on biopolymer structure and

dissociation of the 14-mer duplex into single strands should conformation[25-27] A goal of this research is to extend

occur. the biomolecule measurements introduced in this paper to
Furthermore, the shape of the temperature dependence obexperiments performed as a function of hydration level.

served in the data was consistent with an exponential growth

characterizing the buildup of intermediate state population

implied by the model. However, the temperature range cov- Acknowledgements
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interpretation of mass spectra became more complex. In ad-

dition, the photomultiplier heating also becomes an issue at

higher temperatures, since it was mounted within the UHV Appendix A

chamber to maximize detection solid angle. As described be-

low, both these constraints are being eliminated by changes The rate equations describing the kinetics shown schemat-

in the ongoing experiments. ically in Fig. 8 are given by
d
"= —kiony + ka1no (A.1)

4. Summary and conclusions q
_ —ny = —kogna + kiony — kaana (A.2)
These experiments demonstrate that measurements of thél?
fluorescence of trapped biopolymer ions can be achievedd L
with sufficient sensitivity and dynamic range to observe g,'3 = 232

FRE_T signatures assqmated with small changes in confor-Where ni, np and ng represent the ensemble population
mation of gas phase ions. The threshold measurement of.

. ina d f d trates th . n states characterized by the initial duplex, intermediate
Increasing donor fluorescence demonstrates the promise Ot;artially unzipped duplex and final dissociated duplex, re-
the combined fluorescence and mass spectrometry techs

. ) i . R spectively. The forward and reverse rates of the transition
hiques. The observation of intermediate state kinetics heIpsbetween the initial and metastable intermediate states are
to evaluate the possibilities for extending these measure-

. . k12 andky; and the final dissociative rate kss.
ments to other dynamical processes. Conformational change The total power radiated in fluorescence frof excited

in DNA hairpins 15,16} and smgll peptides inclgding the donor molecules attached to oligonucleotides in statés|1
Trp-cage[17,18] and alpha helice§19,20] provide ex- expressed by

amples of cooperative dynamics which have been studied

in solution phase. They provide excellent opportunities to p, — Niklﬂ (A.4)
apply the FRET techniques presented here to study con- L4

formational Changes characteristic of fOldlng transitions in wherehv is the average photon energy ands the excited
the gas phase. In each of these examples, complementargtate lifetime. Similar equations express the emission for
detection of acceptor fluorescence will be essential for ver- donor molecules attached to oligonucleotides in states |2

ification and interpretation of results, and a two-channel and |3. The rate of change of donors in the excited state
detection system is being installed to facilitate simultaneous

donor and acceptor fluorescence detection. —Nf = =25(Ny — N}) — N KTRET N (A.5)
It is equally necessary to develop techniques that can helpdt hv K

to correlate gas phase results with those of solution phase tds determined by the excitation rate at the laser interigity

understand how the various interactions become modifiedand absorption cross-sectiogys the spontaneous emission

(A.3)

d . _ I\ 0abs 1
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rate, and by the energy transfer raf&ET to the acceptor ~ the change im; due to temperature is negligible over the

molecule given by data range shown iRigs. 12 and 13
1 (Ro\®

KERET — = (—") (A.6)
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