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Abstract

Fluorescence measurements of polypeptides derivatized with the fluorescent dye BODIPY TMR have been used to probe the polypep
conformational dynamics as a function of temperature and charge state. Measurements of (BODIPY TM¢fRTop and (BODIPY TMR)-
[Gly-Ser],-Arg-Trp have been performed for charge states 1+ and 2+=of and 10 andrn=2 and 5. The 2+ charge states of both of these
polypeptides exhibit similar temperature dependences for equal chain lemgths{ = 2 andn = 10,m = 5) and suggest conformations dominated
by Coulomb repulsion. In the absence of such Coulomb repulsion, the 1+ charge state conformations appear to be characterized by the flexibili
the polypeptide chain for which [Gly-Ser} [Pro],. Comparisons of these gas phase polypeptide measurements with corresponding measuremer
in solution provide a direct measure of the effects of solvent on the conformational dynamics. The change in fluorescence as a function of temper:
in the gas phase is two orders of magnitude greater than that in solution, a dramatic result we attribute to the restrictions on intramolecidar dynal
imposed by diffusion-limited kinetics and the lack of shielding by solvent. Measurements were also made of unsolyateptiEes without the
tryptophan (Trp) residue to isolate the interaction of the fluorescent dye with charges.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction changes in the Trp environment occurring during the unfold-
ing. Similar collision processes have been well-established as
Measurements of proteins in the gas phase, when comparedprobe of conformational change in solutidd—22]but have
with measurements made in solution, can provide deep insigitot previously been studied in gas phase. Consequently, there
into the effects of the solvent environment on the native molecis a lack of detailed knowledge about the specificity and sensi-
ular structure and dynamics. The conformations of unsolvatetivity with which such dye—Trp collisions probe local structural
protein and peptide ions have been probed using a wide variegghanges and about what additional interactions must be taken
of techniques including ion mobility measuremefits4], ion-  into account.
molecule[5-7] and dissociatioffidB—11] reactions, and infrared Here, we present fluorescence measurements of unsolvated
spectroscopyl2]. We recently demonstrated the measuremenpolypeptides £12 residues) judiciously selected to isolate the
of conformational change occurring with increased temperaeetails of the quenching process. Polypeptides offer the possibil-
ture in unsolvated Trp-cage protein using fluorescefdGa. ity to study the dependence of the collision process on tempera-
This novel experiment relies on fluorescence quenching byure, chainlength and charge state independent of protein tertiary
intramolecular collisions between a fluorescent dye linked to thetructure effects. As a result, the intramolecular collisions probe
C-terminus and a tryptophan (Trp) residue to follow the localstructural dynamics arising from temperature-induced flexibil-
ity of the polypeptide, repulsive Coulomb interactions and the
solvation of charges by the backbone. Analogous measurements
— in solution are also presented for comparison with the gas phase
" Corresponding author. Tel.: +1 617 497 4653; fax: +1 617 497 4627. data. These experiments not only serve to characterize the col-
E-mail address: parks@rowland.harvard.edu (J.H. Parks). s ; . .
1 present address: Technische Univétsimenau, Institutiir Physik, Post-  11SI0N processes but also provide the basis for extending the
fach 10 05 65, 98684 limenau, Germany. application of these fluorescence methods to analyses of confor-
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mational change in protein secondary structural elements arl2. Mass spectrometry and fluorescence
non-covalent complexes.
Experiments are performed on a quadrupole ion trap mass

2. Experimental spectrometer that was designed and built in-h¢2Sg lons are
formed by nanoelectrospray (nanoH3%] from needles that
2.1. Materials are pulled from 1.0 mm o.d. to 0.58 mm i.d. borosilicate glass

tubes using a micropipette puller (Model P-87, Sutter Instru-

Peptides labeled with fluorescent dyes were synthesized byents, Novato, CA). The pulled nanoES needles have tips with
BioMer Technology (Concord, CA) and purified by reversed-an inner diameter of3-5um. The electrospray is initiated by
phase HPLC to a stated purity of >70% prior to shipment. Theapplying a potential of1 kV to a platinum wire (0.10 mm diam-
BODIPY® analog of tetramethylrhodamine, BODIPY TMR, eter, Aldrich, Milwaukee, W) inserted into the nanoES needle to
was obtained from Molecular Probes (Eugene, OR). The moleawithin 2 mm of the tip. A patch clamp holder (WPI Instruments,
ular structure and excitation and emission spectra of this dy8arasota, FL) holds the wire and nanoES needle in place, with
have been published elsewhdB3,24] Heating solutions of the needle tip positioned approximately 3mm from the sam-
BODIPY TMR from 293 to 332K results in &10-20%  pling aperture of the mass spectrometer. The droplets and ions
change in the fluorescence emission intenf@t]. The peptide  generated by nanoES are sampled from atmospheric pressure
sequences are (BODIPY TMR)-(BW (z=4 and 10, referred through a 4.3cm long stainless steel capillary (0.50 mm i.d.)
to herein as “Prg’ and “Proio”), (BODIPY TMR)-(P),R (r=4  contained in a cylindrical copper block which is maintained at
and 10, “Prq sans Trp” and “Prgp sans Trp”) and (BODIPY 333K by cartridge heaters (Watlow, St. Louis, MO). The volt-
TMR)-(GS),,RW (m=2 and 5, “(GlySer)" and “(GlySer}"). ages applied to the source ion optics are adjusted to optimize
The dye is attached to the peptides via an aminohexanoate linkére abundance of the ion of interest. lons pass through differen-
and the C-termini of the peptides are amidated. Peptide chential stages of pumping and enter an octupole ion guide through
ical structures are shown fig. 1 Acetonitrile (>99.9%) and which they are transferred into the quadrupole ion trap. The ions
distilled, deionized water were obtained from Fisher Scientificof interest are isolated using a combination of RF ramping and
(Fair Lawn, NJ) and VWR (West Chester, PA), respectively.SWIFT ejection. The electrodes of the ion trap and the helium
Electrospray solutions of the peptides areA® in 50% ace- gas inlet are seated in a copper housing that is resistively heated

tonitrile/50% water. to temperatures as highag43 K with a precision o1 K. The
NH
HNCNH2
9 ol n %( ﬁ)k
CHoCHy—C—NH(CHg)5—C
n
/
CH30 HN
BODIPY® TMR Pro,, Arg Trp
(a
HN
\
I}
—C
HNCNH2
CH40 NH
BODIPY® TMR (GlySer)m Arg Trp

(b)
Fig. 1. Chemical structures of (a) (BODIPY TMR)-{RW and (b) (BODIPY TMR)-(GS)RW.
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Fig. 2. Diagrams of optics for (a) excitation and (b) detection of fluorescence of trapped gas phase ions.

Iris e=>=a Shutter

background helium gas pressureid x 106 Torrand is pulsed tiplier (K & M Electronics, West Springfield, MA). Twenty-five

to~2 x 104 Torr for ion loading and thermalization. (Indepen- replicate fluorescence measurements are performed for each

dent measurements have shown that the pressure within the ig&ta point. Each set of measurements is performed two times

trap is higher by a factor 0£30—35 due to the low conductance on different days and the day-to-day reproducibility is within

of the trap apertures.) lons are thermalized in the trap for 1 820%.

atg;=0.50 before measuring fluorescence. Under these condi-

tions the trapped ions undergo >illisions which equilibrate  2.3. Fluorescence spectroscopy

the ions with the helium bath gas which is maintained at the

temperature of the trap electrodes. No significant loss of ions Fluorescence emission and excitation spectra of species in

or any fragmentation are observed on the time frame of thesgolution are measured on a Model J-810 spectrometer (Jasco,

experiments. Easton, MD). The excitation wavelength is 540 nm and the exci-
Diagrams of the excitation and detection configurations aréation and emission bandwidths are both 10 nm. The solutions

shown inFig. 2a and b, respectively. The isolated ions of under study are contained in quartz cuvettes (1 cm pathlength;

interest are irradiated with a continuous wave Nd:YAG laserSpectrocell, Oreland, PA) which are sealed with screw caps to

(Millenia Vs, Spectra-Physics, Irvine, CA) for 100 ms at the prevent solvent evaporation. The sample temperature is regu-

frequency doubled wavelength of 532nm and an intensityated with a precision of£0.5 K by a Peltier effect temperature

of 132 W/cnt. The Gaussian laser beam diameter has beepontroller (Model PFD-524S, Jasco). Solutions contain the ana-

decreased te-220p.m to eliminate scattering of the light on lyte at 3x 107°M in water.

the electrodes and apertures of the trap. The laser—ion interaction

volume is~10~° cm?®, or ~3—-15% of the total ion cloud volume, 2.4. Error analysis

depending on the trap temperature and operating parameters.

The overlap between the laser and the ion cloud is optimized Error bars represest one standard deviation from the mean

by alignment of the laser and by adjustment of the dc biasinless stated otherwise.

applied to the endcaps of the trap (the latter alters the position

of the ion cloud within the trap). The emitted light is collected 3. Results

through a triplet lens and passes through a bandpass filter to

isolate the emission band of BODIPY TMR before impinging 3.1. Peptides in gas phase

on a gallium arsenide photomultiplier (Hamamatsu Photonics,

Hamamatsu City, Japan). The emitted light passes through 1 mm The experimental sequence for fluorescence measurements of

apertures before impinging on the photomultipliers, thus limit-gas phase peptide ions is illustrated-ig. 3. Fig. 3a shows the

ing the fluorescence collection to a solid angle defined by theharge state distribution of the peptide Pformed by nanoES

laser—ion cloud interaction volume and minimizing the detec-and trapped in the quadrupole ion trap, with thé+H)*,

tion of background laser scattering. Zero background detectio + 2H)Y?* and (4 + 3H)3* ions, denoted herein as 1+, 2+ and

during the laser excitation pulse is achieved, as demonstrate&#, formed at 84, 100 and 19% relative abundance, respectively.

previously[25]. After the fluorescence measurement, the ionsThe ion of interest, e.g., the 1+, is isolated by ejection of the

are ejected af, =0.908 and detected by a channel electron mul-other ions from the trapHig. 3). The fluorescence of the ion of
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Fig. 3. Experimental sequence for fluorescence measurement of gas phase Temperature (K)
peptide ions. (a) Charge state distribution of positive ions of the peptide,
Prai, formed by nanoES. Charge statés+ H)*, (M +2H)2* and (1 + 3H)**, Fig. 4. Normalized fluorescence intensity per ion measured as a function of

denoted, respectively, as 1+, 2+ and 3+, are formed. (b) Isolation of the 1+ charg@mperature for the (&) 1+ and (b) 2+ charge states of fero: = 4 (triangles)
state. (c) Fluorescence intensity of the 1+ ion measured over 100 ms (solid linegndn =10 (squares), with best-fit lines to the data.
The average background signal (dotted liney 80 CPS.

interest is then measured over 100 ms. In this typical examplges converge at the highest temperatures investig&igd4a).
the average signal-to-noise ratiogl00 for ~200 ions in the  In contrast with the results of the 1+ ions, the intensity ofj2o

laser interaction volumeF{g. 3c). at 303K is 22% lower than that of Prp2+, and the intensities
of these ions decrease essentially in parallel (by 52 and 55%,
3.1.1. Relative intensities respectively) as the temperature is increased to 438 4b).

Fluorescence measurements were performed at 303, 33Bhe intensity of (GlySep) 1+ at 303K is 16% lower than that
363, 403 and 438K for each of the peptide ions of interest. Foof (GlySer} 1+, and the intensities of these ions decrease 64
the 1+ charge state of Pyothe fluorescence intensity per ion and 70%, respectively, as the temperature is increased to 438K
decreases 70% as the temperature is increased from 303 to 43&Kg. 5a). Similarly, the intensity of (GlySer)2+ is 18% lower
(Fig. 4a). The intensity of the Pig 1+ at 303K is 18% lower than that of (GlySeg) 2+ at 303 K, and the intensities of these
than that of Prgp 1+, however, the difference in intensity of these ions decrease 62 and 57%, respectively, as the temperature is
two ions decreases with increasing temperature and the intensiicreased to 438 KHig. 5b).

Table 1

Fluorescence intensities and slopes of intensity vs. temperature of 1+ and 2+ charge states of peptides it gas phase

Peptide 1+ Intensity (CPS/R) 1+ Slope (CPS/N K9 2+ Intensity (CPS/N) 2+ Slope (CPSIN K
Prog 13.3+ 0.9 —0.0758+ 0.0059 6.3+ 0.4 —0.0328+ 0.0022
Prag sans Trp 11.Gt 0.3 —0.0443+ 0.0024 5.1+ 0.1 —0.0151+ 0.0026
Prop 112+ 10 —0.0531+ 0.0043 8.1+ 0.1 —0.0337+ 0.0027
Proip sans Trp 10.3t 0.3 —0.0398+ 0.0021 8.1+ 0.2 —0.0288+ 0.0017
(GlySer) 10.3+ 0.3 —0.0582+ 0.0020 3.7+ 0.1 —0.0219+ 0.0015
(GlySer) 12.3+ 0.3 —0.0638+ 0.0029 4.5+ 0.1 —0.0184+ 0.0015

2 Stated errors are one standard deviation from the mean.
b At 303K.
¢ Slope of the best-fit line.
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Fluarescence Intensity per lon (CPS/N)

320 360 400 440
Temperature (K)

Fig. 7. Absolute fluorescence intensity per ion measured as a function of tem-
perature for the 1+ and 2+ charge states of (Gly,get)=2 and 5, with best-fit
lines to the data.

438 K (Fig. 6). For Pra and Prqg, the intensity of the 2+ ion at
303 K is 53 and 28% lower, respectively, than that of the 1+ ion,
and the rate of decrease in intensity with increasing temperature
for the 1+ ion is 131 and 58% larger, respectively, than that of
the 2+ion {Table J). For the ions of (GlySes)and (GlySenr the
absolute fluorescence intensities decrease in the order (GlySer)
1+ > (GlySer} 1+ > (GlySer} 2+ > (GlySer} 2+ for all temper-
320 360 400 440 atures investigated={g. 7). For (GlySer) and (GlySer, the
Temperature (K) intensity of the 2+ ion at 303K is 64 and 63% lower, respec-
. . . . . , tively, than that of the 1+ion, and the rate of decrease in intensity
Fig. 5. Normalized fluorescence intensity perion measured as a function oftem- . 7. . . .
perature for the (a) 1+ and (b) 2+ charge states of (GlySlerym =2 (triangles)  WIth increasing temperature for the 1+ ion is 168 and 247%
andm =5 (squares), with best-fit lines to the data. larger, respectively, than that of the 2+ idrable J). From these
data it is apparent that (1) fluorescence intensity decreases with
increasing temperature, (2) for a given peptide, the 2+ charge
state exhibits a lower fluorescence intensity than the 1+ charge
state, (3) for a given peptide, the fluorescence intensity of the 1+
charge state decreases more rapidly with increasing temperature
than that of the 2+ charge state and (4) for a given charge state
and temperature, a higher fluorescence intensity is obtained with
the longer polypeptide chain with the notable exception of the
1+ ions of Prq and Prqg (Fig. 4a).

Normalized Fluorescence Intensity per lon (%)

3.1.2. Absolute intensities

For the ions of Prpand Prqgthe absolute fluorescence inten-
sities at 303 K decrease in the order Pte > Prgg 1+>Prgg
2+>Prq 2+ (Fig. 6). As the temperature is increased the inten-
sities of Prq 1+, Prag 1+ and Prgg 2+ converge to yield the
order of intensities Pl+~ Projg 1+~ Projg 2+ > Prg 2+ at

A n=4, 1+
® n=10, 1+ 3.2. Peptides in solution
A n=4, 2+

a n=10, 2+

12

Measurements of fluorescence as a function of temperature
were also performed in solution for comparison with the mea-
T surements in gas phase. For Pemd Prag, the fluorescence
R intensity decreases 30 and 10%, respectively, as the tempera-

T ture is increased from 275 to 343 Iki¢. 8a). For (GlySen

T ) . and (GlySen, the fluorescence intensity decreases 55 and 30%,

(2}

~

[N A AN A A AN A

Fluorescence Intensity per lon (CPS/N)

» = S—_- respectively, over the same temperature rafig o).
0 LA LR L LAy LA LALL) LLLLl LA LA LLLRSLLLL] LA LR AR Ltk e | 3.3. Peptides sans Trp
320 360 400 440
Temperature (K) Experiments were also performed in gas phase using Pro

. . . . . rTpeptides that lack the C-terminal Trp residue to remove the pos-
Fig. 6. Absolute fluorescence intensity per ion measured as a function of te Sibility f llisi | hi fBODIPY TMR fl
perature for the 1+ and 2+ charge states of,Pte4 and 10, with the best-fit sibility for collisional quenching o - . uorescence
lines to the data. by Trp. In contrast to the results obtained with Pamd Prao,
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Fig. 8. Normalized fluorescence intensity of (a) Pfor n=4 and 10 (repre- iy g Normalized fluorescence intensity per ion measured as a function of
sented by closed triangles and squares, respectively) and (b) (Glyi&er) = 2 temperature for the (a) 1+ and (b) 2+ charge states of Saas Trp fom =4

and 5 (open triangles and squares, respectively) measured in aqueous SOIUtm?angles) and: = 10 (squares), with best-fit lines to the data.

(3 x 10~ M) as a function of temperature. The lines connecting the markers are

included to guide the eye.

sities with the single exception of Rrand Prag in the 1+ state.
the fluorescence intensities measured for 1+ ions of Bans The 2+ charge state always shows a smaller rate of change with
Trp are very similar to those of Pigsans Trp at all tempera- temperature than the 1+ charge state. Notwithstanding these
tures investigated, and the intensities of the 1+ ions of both Procommonalities, the absolute slopes and intensitie$aile 1
sans Trp and Pkg sans Trp decrease 55% as the temperature idicate that there are significant quantitative differences. In the
increased from 303 to 438 K{g. %a). For the 2+ ions the inten- following analysis these variations will be correlated with dif-
sity of Prq; sans Trp at 303K is 37% lower than that of Ryo ferent polypeptide dynamics. The basis for these comparisons
sans Trp, and the intensities of these ions decrease 24 and 47%,
respectively, as the temperature is increased to 438d €b).
The absolute fluorescence intensities decrease in the order Pros : 2:?61:+
sans Trp 1+ Progsans Trp 1+ > Prg sans Trp 2+ > Prpsans ;
Trp 2+ (Fig. 10. For Prq sans Trp and Piig sans Trp, the inten-
sity of the 2+ ion at 303K is 53 and 21% lower, respectively,
than that of the 1+ ion, and the rate of decrease in intensity with
increasing temperature for the 1+ ion is 193 and 38% larger,
respectively, than that of the 2+ iomable J).

N)

A n=4, 2+
O n=10, 2+

4. Discussion

The fluorescence data shown in Sect®mrexhibit similar
qualitative dependences on temperature, charge state and cha 320 360 400 440
length. For each polypeptide chain an increase in temperature Temperature (K)
yields a decrease in detected fluorescence, the rate of Whi%h . . . .
ig. 10. Absolute fluorescence intensity per ion measured as a function of tem-

dEpends on charge _State and chain Iength. The hlgher C_harggature for the 1+ and 2+ charge states of,Bems Trpg =4 or 10, with best-fit
state and shorter chain length produces lower fluorescence intees to the data.

Fluorescence Intensity per lon (CP
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lies in the fact that the fluorescence variations rely on local intercan approach-5 x 107 V/icm for collision impact parameters
actions of the dye with specific areas of the polypeptide chainef ~5A. The differential dipole moment for BODIPY TMR
These measurements identify two primary processes respon$gs] of Au =—0.54 D yields a maximum spectral blue shift of
ble for changes in dye fluorescence: intramolecular collisions.17 nm at this separation neglecting shielding effects. Even for
between the dye and the Trp residue and interactions betweegiich large fields, the rotational kinetic energy'$> o for a

the dye and charges. dipole moment ofig = 3.3 Din the ground staf86]. In this case,
the dye orientation will fluctuate in the field during the radiative
4.1. BODIPY TMR~tryptophan interaction lifetime, and as a result could reduce the average spectral shift.

. ) . ) A significant spectral shift also requires that the dye remain
Previous studies of fluorescence quenching in solution, the presence of the charged residue for a time comparable
[13,14,17,22]ndicate that quenching can occur through contacty, the ragiative lifetime~5 ns of BODIPY TMR. Consider the

formation between Trp and the dye (interaction distarb@\).  jnteraction potential which combines charge—dipole and charge-
Here, the requirement for dye—Trp collisions is not that the CONihduced—dipole interactions
formation describe a structural isomer in which the average

dye—Trp separation is reduced4® A but that thefluctuarions wpe?  eup cosh

of the dye—Trp separation about the average occur at a sufficieXt I r2 2)

rate to exhibit the observed quenching of the fluorescence. We Approximating the polarizability of BODIPY TMR by that of
have performed solution-phase measurements (Meinen et al., é{hthracen@ﬂ ag~ 25A3 yields an estimate of the attractive
preparation) of both bimolecular and intramolecular quenchipgNe" depth ofv'% 1eV at th’e van der Waals separationm,&.

of B.ODle TMR fluorgsce_ncg by Trp. Stern—VQImer ana!y3|s_An interaction potential of this strength could maintain a prox-
of bimolecular quenching indicates that dynamic quenching i$mity between BODIPY TMR and the charged residue during
approximately twice as efficient as static quenching. The resultﬁle radiative lifetime of the dye. Such localization of the dye at

of fluorescence quenching measurements combined with Cyc“t‘ﬁe protonated Arg has been observed in preliminary molecular
voltammetry measurements of the BODIPY TMR redox pOten'dynamics simulations

tial yield convincing evidence for quenching via photoinduced

charge transfer (Meinen et al., in preparatif#y-31). In this ;4 3 Polypeptide dynamics

process, collisions between Trp and the excited BODIPY TMR

form a complex in which an electron is transferred from Trp  The preceding discussion presented the feasibility of pro-

to the hole in the BODIPY TMRS, state. The electron in the cesses leading to fluorescence variations via intramolecular

exciteds; state is then back-transferred to Trp thus providing adynamics, the details of which will be further investigated in

non-radiative decay channel. planned molecular dynamics simulations. These processes form
We assume intramolecular interactions will be an especially basis for a probe of polypeptide dynamics which depends on

important quenching mechanism in the gas phase because tfeal interactions. The rate of intramolecular collisions between

dynamic rates will not be constrained by diffusion-limited kinet- the dye and specific amino acid residues clearly depends on the

ics as discussed below. In the following discussion we assumgosition of the residue. As a result, the fluorescence measured

that quenching of BODIPY TMR fluorescence by Trp is domi- as a function of temperature can be interpreted in terms of this

nated by formation of a charge transfer complex. position which is a function of the polypeptide conformation.
Because the charge state is an important factor determining the
4.2. BODIPY TMR—charge interaction spectral shifts, Coulomb repulsive forces and charge-induced

] ) ) o structural changes, we organize the discussion for the various
The interaction of dyes with electrostatic fields has been Stu%eptide sequences by charge state.

ied extensively in solution pha$g2—34]and the primary effect
is to perturb theSg andSy levels through dipole interactions with 4.3.1. 1+ Charge state

the field. The energy separation introduced by the field pertur- ¢ oyerall decrease in fluorescence intensity with increas-

bation is estimated in the two level approximat[88] by ing temperature follows from the increased fluctuations of the
E(So) — E(S1) = heAv = (fig — ﬁl)E _ —A,&E 1) polypeptide backbone and s_ide ch_ains. For the 1+ ions of P_ro
and Prag, the fluorescence intensity and rate of change with
whereE is the level energyAv the shift in wave numberaye  temperature depend on whether Trp is present. For both chain
the differential dipole moment anfl is the electrostatic field. lengths =4 and 10) the presence of Trp results in higher fluo-
In solution-phase studies, field strengths as high-a6° to  rescence intensities and a larger rate of change with temperature
10° V/icm have been measurf&B]. Alternatively, it is also pos-  (Table 1. Although the origin for these results is unclear, one
sible that the charge—dipole interaction shifts the dye electronipossibility is smaller intramolecular collision rates in the pep-
states into resonance with the pump photons to open additiontitles containing Trp stemming from larger separations between
non-radiative relaxation channg&s]. the dye and the Trp/charge positions. Inall 1+ions the protonated
Ingas phase measurements, interactions of the tethered BOBite is the Arg residue adjacent to Trp. The Trp dipole moment
IPY TMR dye with a charged residue occur in the absence oin the ground state of 2.13 [38] and the large polarizability of
shielding by solvent. In this case the electric field strength3le,&3 [39] suggests thatitis potentially a major contributor for
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solvating the adjacent charge, so that distortion of the polypeprable 2
tide backbone induced by the charge is decreased. Pi-Cati(ﬁ’?lative slopes of intensity vs. temperature of peptides in sofution

interactions are well-document§0] and preliminary molec- Ppeptide Relative slofdarb units K1 x 10-3)
ular dynamics simulations indicate that the Trp and Arg sidep
. e row -15+02
chains can approach each other to withibA (to be presented  pq, 46402
elsewhere). This interaction between Trp and the charge magiysery —47+02
alsoincrease the fluorescence through reduction of the local eleslySer) —82+03

tricfield, thus decreasing the perturbation of the dye. However, ina Fi; uncertainties are: one standard deviation.
the absence of Trp the curvature of the peptide would increase t® Slope of the best-fit line.
enable the charge to be solvated by backbone functional groups,

€.g., carbonylloxyggns. Such curvature as well as the re_duc%gm of whether Trp is present. This suggests that the nearby
number of amino acids decreases the end-to-end separation aag

incr the intramolecular collision rate vielding lower fi arge dominates the reduction in fluorescence. As the temper-
or(;sef;necse 'I?he Iz;ar eorefstl:g aescicr)1 tig r:si:r?cz of'?l’aol e U-ature increases, so does the frequency of backbone fluctuations
: 9 P P blé 3 which result in dye-Trp and dye—charge interactions which

suggest that the combined effects of Trp and charge—dye Nt&5 Juce fluorescence. However, the Coulomb repulsion continues

actions producealargerdecreaseinfluorescencewithincreasue constrain flexibility, depending on the peptide, which results

temperature than charge—dye_ mterac?tlonS alone. Since the 9 ' generally smaller slopes for the 2+ state than for the 1+ state.
vation effects result from an interaction between the Trp and

charge, the effects of Trp and the charge on the fluorescence
will not be additive. 4.4. Solution measurements

The dependence of fluorescence on chain length fog Pro
and Prag results from the combination of two dynamics: intrin-  Measurements of Pzand (GlySer), fluorescence as a func-
sic inflexibility of polyproline chains and intramolecular colli- tion of temperature were performed in aqueous solution at pH 7
sion rates. Although the Pgfluorescence should be greater for comparison with the results obtained in gas phase. Clearly,
assuming a smaller collision rate for the larger dye—Trp/chargée diffusion-limited kinetics will reduce collision rates but
separation, apparently the larger fluctuations of curvature poferhaps a more significant difference will be the shielding of
sible for Prag decreases the distance sufficiently to reduce th&€harges by solvent. As a result, the dominant effects determin-
fluorescence amplitude relative to Rrahe smaller slope for N9 the slopes of fluorescence versus temperature will be the
Prop relative to Pra suggests that increasing the temperaturedye=Trp collisions depending on chain length and the relative
produces greater changes in the flexibility of the smaller chaif@Ptide flexibility. The slopes provide a more reliable measure
length. It is interesting to note that an apparent saturation of th@f the peptide dynamics than the absolute fluorescence inten-
Pro variation occurs at higher temperatures as the fluorescen&ies because they are unaffected by discrepancies in peptide
for Pra; and Prag converge Fig. 4a). concentration. The relative slopes of fluorescence versus tem-

The intrinsically large flexibility of the (GlySey) peptides ~ Perature are shown migble 2 The slope of the shorter chauj
simplifies the interpretation of the fluorescence variation withl€ngth @ =4 andm =2) is greater than that of the longer chain
temperature. In this case, the shorter chain length is not cot€ngth =10 andm =5) by a factor of 3 for Prpand a factor
strained and results in a smaller dye—Trp/charge separatioﬁg 1.7 for (GlySer),. This is con3|stent_W|th increased collision
resulting in higher collision rates. Trajectories of the longer'ates for the shorter dye—Trp separations. The (GlySeBly-
chain explore a significantly larger phase space and so reduc®'}) slope is also greater than that of P(Bro.o) by a factor of
the collision rate. The relative slopes of (GlySeahd (GlySen 1.8 (3.1) due to the Iowe_r erX|b|I_|ty of poly(Pro) chains. The rel-
indicate that increased temperature has a slightly greater effe@tive slopes measured in solution are a factor-@00 smaller
on the longer chain as the same phase space is traversed mgt@n the relative slopes measured in gas phase, reflecting the

rapidly. reduced collision rates incurred by the diffusion-limited kinet-
ics. A more detailed discussion of these solution fluorescence
4.3.2. 2+ Charge state data and their comparison with fluorescence lifetime measure-

The most important change in the peptide dynamics for thénents are beyond the scope of this paper and will be presented
2+ charge state derives from the presence of Coulomb repui!Sewhere.
sion. Because the first charge is on the C-terminal Arg residue,
the most probable position for the second charge is near the = Conclusions
terminal residue to minimize the Coulomb repulsion. Although
the repulsive force will tend to reduce the flexibility of peptide  These measurements on peptides have identified interactions
chains, increasing temperature continues to decrease the fluoF an attached dye with a Trp residue and also with charged
rescence but the rates of change are different for the 1+ and 2esidues as the basis for variations of the fluorescence intensity.
charge statestable J). The Trp interaction leads to a quenching, non-radiative relax-
The fluorescence intensities of the 2+ ions at lower temperation channel associated with a charge transfer process occurring
atures are reduced relative to those of the 1+ ions-B%%  within the collision complex. However, the dye interaction with
for Proyg, ~54% for Pra@ and ~64% for (GlySer), indepen-  a charged residue most likely perturbs the electronic levels of
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