
FOCUS: ION SPECTROSCOPY

Fluorescence Lifetime Probe of Biomolecular
Conformations

Xiangguo Shi and Joel H. Parks
Rowland Institute at Harvard, Cambridge, Massachusetts, USA

Methods have been developed to measure the fluorescence lifetime versus temperature of
trapped biomolecular ions derivatized with a fluorescent dye. Previous measurements for
different sequences of polyproline peptides demonstrated that quenching rates are related to
conformations and their spatial fluctuations. This paper presents the results of extending these
methods to study the conformational dynamics of larger biomolecules. Vancomycin–peptide
noncovalent complexes in the 1� charge state were studied as a function of temperature for
different W-KAA peptide chiralities (L-LDD, D-LDD, L-DLL). Fluorescence-quenching rates,
kq, were found to be stereoselective for these different chiralities with relative magnitudes
kq(L-LDD) � kq(D-LDD) � kq(L-DLL). The variation in fluorescent quenching resulting from
switching the chirality of the single Trp residue was readily detectable. Molecular dynamics
analysis of complexes formed by W-KAA (L-LDD) andW-KAA(L-DLL) indicates that increased
flexibility in the (L-DLL) complex is correlated with reduced quenching rates. Fluorescence
measurements were also performed for the Trp-cage protein comparing quenching rates in the 1�,
2�, and 3� charge states for which kq

� �� kq
2� � kq

3�. Measurements of a sequence including
a single-point mutation infer the presence of a salt-bridge structure in the 1� charge state and its
absence in both the 2� and 3� states. Molecular dynamics structures of Trp-cage indicate that a
salt bridge in the 1� charge state produces more compact conformations leading to larger
quenching rates based on the quenching mechanism. In both these experimental studies the
fluorescence-quenching rates were consistent with changes in structure induced by either inter-
molecular or intramolecular interactions. (J Am Soc Mass Spectrom 2010, 21, 707–718) © 2010
American Society for Mass Spectrometry

Previous measurements [1] of the lifetime of a
fluorescent dye covalently bound to polypeptide
ions exhibited a quenching rate that depends

both on the separation of the dye to a Trp side chain and
on the strength of electrostatic fields in the vicinity of
the dye. Quenching rates were found to depend on
specific peptide sequences giving rise to different con-
formations and spatial fluctuations characterized by
each conformation. Consequently, lifetime measurements
provide an opportunity to extract information sensitive to
local molecular arrangements and, perhaps more impor-
tantly, changes in that arrangement determined by in-
tramolecular and intermolecular interactions.
This paper applies lifetime measurements to study

two larger biomolecules: the vancomycin–peptide non-
covalent complex and the Trp-cage protein. The struc-
tures of these biomolecules have been identified in
NMR solution measurements; and each has been stud-
ied previously in gas-phase measurements. Results of
gas-phase studies of the vancomycin–peptide complex
infer that specific changes in the peptide ligand chirality
lead to different hydrogen binding networks and thus
to different conformations. Gas-phase measurements

and calculations of Trp-cage protein indicate that the
presence of a salt bridge structure and the resulting
conformations depend on the protein charge state. Con-
sequently, these biomolecules present an opportunity to
measure the extent that fluorescence-quenching rates
characterize conformations associated with changes in
intermolecular and intramolecular interactions.
This paper includes a brief review of the fluorescence-

quenching results in polyproline peptides [1], which
displays the form of the quenching rate temperature
dependence and discusses a quenching mechanism
suggested by that data. Following sections present
measurements of the quenching rates for stereoisomers
of the vancomycin–peptide complex and charge states
of the Trp-cage protein. Trends of the experimental
quenching rates will be compared with preliminary anal-
yses of molecular dynamics simulations. It will be shown
that changes in the calculated structures are consistent
with measured trends in these quenching rates.

Experimental

Vancomycin–Peptide Materials

The peptides listed in Table 1 were synthesized by
BioMer Technology (Concord, CA) and purified by
reversed-phase HPLC to a stated purity of �70% before
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shipment. Vancomycin hydrochloride was purchased
from MP Biomedicals Inc. (Solon, OH). The BODIPY
dye analogue of rhodamine-6G BODIPY-R6G was ob-
tained from Invitrogen (Eugene, OR). The chemical
structure and excitation and emission spectra of
BODIPY-R6G have been published elsewhere [2]. The
fluorescent dye was coupled to the primary amine of
vancosamine without a linker and separated from the
reaction solution by HPLC (HP1100; Hewlett-Packard,
Palo Alto, CA) in our laboratory. Acetonitrile (�99.9%)
and distilled, deionized water were obtained from
Fisher Scientific (Fair Lawn, NJ) and VWR (West Ches-
ter, PA), respectively.
Dye-derivatized vancomycin (VD) and VD–peptide

complexes were prepared in 20% acetonitrile/80% wa-
ter with 5 mM ammonium acetate (pH 4.5). In these
solutions the concentration of VD was typically 15 �M,
whereas the concentrations of peptides were varied
from 15 to 60 �M, and optimized to obtain a sufficient
number of trapped ions for fluorescence lifetime mea-
surements. A schematic of the noncovalent complex
formed between VD and the tetrapeptide W-KAA (L-
LDD) based on solution NMR structures of vancomycin
and KAA (LDD) [3] is shown below indicating the dye
binding position on vancomycin, the Trp position on
the KAA peptide.

Trp-Cage Materials

Derivatized peptides were synthesized by BioMer Tech-
nology (Hayward, CA, USA) and purified by reversed-
phase HPLC to a stated purity of �70% before ship-
ment. The BODIPY analogue of tetramethylrhodamine
BODIPY-TMR was obtained from Invitrogen (Eugene,
OR, USA). Two peptide amino acid sequences were
synthesized NLYIQWLKDGGPSSGRPPPSK-(BODIPY-
TMR)-CONH2 and NLYIQWLKNGGPSSGRPPPSK-
(BODIPY-TMR)-CONH2. The first sequence is the same
as that of Trp-cage [4] with the addition of lysine at the
C-terminus to allow for conjugation of the dye via the
�-amine. The second sequence is the D9N variant which
replaces the aspartic acid residue at position 9 by
asparagine. Attachment of the dyes does not signifi-
cantly alter the emission or excitation spectra (data not
shown). Ammonium acetate (�98%) was obtained from
Sigma (St. Louis, MO), and acetonitrile (�99.9%), am-
monium bicarbonate (�99%), and distilled, deionized
water were obtained from Fisher Scientific (Fair Lawn,
NJ), Mallinckrodt (Hazelwood, MO), and VWR (West
Chester, PA), respectively. Electrospray solutions con-
tain 10 �M analyte in aqueous or 1:1 acetonitrile/water
solutions. Ammonium bicarbonate and acetate (10 mM)
are added for pH stabilization.

Ion Trap Mass Spectrometry

Experimental procedures are similar to those described
previously [1, 5]. In brief, all experiments were per-
formed in a quadrupole ion trap mass spectrometer

built in-house. Ions under investigation were trans-
ferred to the gas-phase by a homebuilt nanoESI through
borosilicate glass needles prepared by a micropipette
puller (model P-87; Sutter Instruments, Novato, CA).
The solutions were electrosprayed at a potential of 0.8�
1.0 kV and the flow rate were 60 � 200 nL/min. Ions
enter the first differentially pumped chamber of the
instrument through a heated stainless steel capillary
(length � 4.2 cm, i.d. � 0.5 mm). The ion-source
parameters were optimized to be “soft” enough that
noncovalent complexes could survive during desolva-
tion. Ions were loaded into the trap through ion lenses
and a 23 cm octopole ion guide. The ions of interest
were mass-selected by ejecting the unwanted low mass
range ions using ramped RF voltages and high mass
range ions by resonant frequency excitation. The trap
temperature could be varied from 150 K to 560 K by
heating or cooling the copper trap housing (model 965
temperature controller; Watlow, St. Louis, MO) with a
temperature precision of �1 °C. The He background
gas was also heated to the trap temperature and the He
pressure in the trap was �3 � 10	5 Torr and pulsed to
�2 � 10	3 Torr to thermalize ions with mass 
 500 u at
the He temperature before laser excitation. Equilibrat-
ing ions having a mass � 500 u was dominated by
interactions with the background black body thermal
radiation. After the fluorescence lifetime measurement,
ions were ejected into a Channeltron electron multiplier
(model 7596; K and M Electronics Inc., West Spring-
field, MA) to record the mass spectra. The ESI-MS
instrument was mass calibrated over an appropriate
range for each biomolecular species.

Fluorescence Lifetime Measurement

The lifetime measurement instrumentation [1] excites
trapped ions of interest with a solid-state Nd:YVO4
laser (Vanguard 2000-HM532; Spectra-Physics, Irvine,
CA) at 532 nm and average power of 10 mW. The pulse
width was 12 ps (FWHM) and the repetition rate was
reduced from 80 to 26.7 MHz through pulse picking by
a transverse field modulator (Conoptics, Danbury, CT).
Multi-pulse data cycles were repeated until sufficient
photons were collected for the fluorescence lifetime
analysis. The exposure time of ions to laser excitation
was varied from 100 ms to 800 ms depending on
temperature to optimize S/N without inducing ion
fragmentation. At the end of each data cycle, trapped
ions were ejected into the Channeltron detector.
The laser beam path was oriented orthogonal to the

ion source beam and the detection path. Emitted fluo-
rescence was collected through an optimized lens/filter
optical configuration and detected by a gallium ar-
senide photomultiplier (H7421-40; Hamamatsu Photon-
ics, Hamamatsu, Japan) having an instrument response
of �0.5 ns. A histogram-accumulating real-time proces-
sor (TimeHarp 200; PicoQuant, Berlin, Germany) was
used for time-correlated single photon counting. The
resulting fluorescence decay curves were deconvo-
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luted and fit by a stretched exponential model imple-
mented in the FluoFit data analysis package (ver. 4.0,
PicoQuant). All fluorescence lifetime measurements
were replicated three times for each data point.

Molecular Dynamics Simulations

Vancomycin–Peptide Complexes

Molecular modeling was performed on an SGI Onyx
3200 workstation running Insight II/Discover (97.0;
Accelrys Software Inc., San Diego, CA). The original
structure of vancomycin obtained from the protein data
bank [6] was used as the reference. Structures of singly
protonated dye-vancomycin ([VD � H]�, and dye-
vancomycin–peptide complexes with each of the pep-
tides shown in Table 1 were built using the Biopolymer
builder of Insight II. In all cases, the protonation site
was positioned on the secondary amine as discussed
below. Initial cation structures of dye derivatized van-
comycin (VD) and vancomycin–peptide (VD-WKAA)
complexes were energy minimized using the CFF91
force field [7]. Conformational space of complex ions
was explored using molecular dynamics (MD) simula-
tions performed at 150 to 500 K in 50 K intervals in
vacuum with a 1.0 fs time step. Simulated annealing
(SA) [8] was used to generate multiple starting struc-
tures for simulations. For SA, the molecule is initially
energy minimized and cooled from 500 to 0 K over a
period of 1 ns. A starting structure resulting from SA is
then minimized and followed by a 1 ns MD simulation
during which structures are sampled at 0.1 ps intervals.

Trp-Cage

The molecular dynamics simulations of Trp-cage are de-
scribed in detail elsewhere [9] and are reviewed here
briefly. Simulations are performed using the GROMACS
software package [10, 11] with the OPLS/AA force field
[12]. The conformation determined by NMR [4] is used
as the initial structure. To match the molecule used for
experiments, an amidated lysine residue was attached
to the C-terminus, and the BODIPY-TMR dye was
attached to the side-chain amine of Lys21. Force field
parameters for the dye were taken as much as possible
from analogues (similar chemical groups) available in
the OPLS/AA force field. Charge locations for the
sequences calculated by these simulations and pre-
sented in this paper are discussed in detail below.
Replica exchange MD (REMD) simulations [13] of 500
ns were performed at 16 different temperatures, namely
at 280, 284, 289, 295, 302, 310, 319, 329, 340, 352, 365, 379,
394, 410, 427, and 445 K, respectively. Both the 2� and
the 3� ions were simulated with an integration time
step of 2 fs for 10 ns during which structures are
sampled at 0.1 ps intervals.

Results and Discussion

Polyproline Peptides

Recent fluorescence lifetime studies [1] of polyproline
peptides as a function of temperature demonstrated
that the quenching interaction between a covalently
attached fluorescent dye and a tryptophan residue
yields information about the conformation and confor-
mational fluctuations of the peptide. Experiments were
performed on small peptides to eliminate the additional
dynamics associated with protein unfolding. Amino
acid sequences of up to 12 residues were designed to
vary the separation between the dye and tryptophan
and also between the dye and a single protonation site
by including spacers of relatively rigid polyproline
chains [14] of different lengths. Polyproline ions having
sequences dye-[Pro]n-Arg

�-Trp were studied to deter-
mine the dependence of the dye lifetime on the separa-
tion of the dye and tryptophan residue. Peptide se-
quences dye-Trp-[Pro]n-Arg

� were also studied to
investigate the role of electrostatic interactions between
the charge and the dye Trp pair in the quenching
process. In these sequences, the important side-chain
fluctuations are limited to tryptophan, arginine, as well
as the dye, which helps interpretation of the data and
comparison with molecular dynamics simulations. The
primary results of these measurements will be reviewed
here and the reader is referred to reference [1] for
details.

Fluorescence Quenching Rates for
Dye-[Pro]n-Arg�-Trp

Fluorescence-quenching rate measurements versus tem-
perature are shown in Figure 1a for peptide sequences
(BODIPY-TMR)-[Pro]n-Arg

�-Trp (n � 4 and 10, referred
to herein as Pro4 and Pro10), (BODIPY-TMR)-(Pro)4-Arg

�

(referred to as Pro4 sans Trp), and (BODIPY-TMR)-[Pro]4-
Arg�-Trp without the dye linker (referred to as Pro4 sans
X). Detailed discussion of the results for each peptide
sequence is presented in reference [1].
Assuming the fluorescence is emitted by a popula-

tion decaying from a single excited electronic state, the
lifetime, �, is given by 1/� � 1/�0 � kq, where �0 is the
unperturbed lifetime and kq is the quenching rate
constant representing a non-radiative decay process.
The quenching rates shown in Figure 1a were calculated
using a value for �0 obtained by fitting the expression
� � �0 ⁄�1 � �0kq� to the lifetime versus temperature
measurements. It is important to point out that frag-
mentation was not observed in any of the fluorescence
lifetime measurements as a result of the low average
laser power (15 mW) and short exposure time used to
measure decay times.
Figure 1a exhibits fits of the quenching rate to a

phenomenological model, which relates the tempera-
ture dependence to spatial fluctuations of the peptide
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conformation. This model describes the quenching rate,
kq, as a first-order Arrhenius process

kq � kf � Af exp(�Ebf ⁄ kT) (1)

where kf is the rate of fluctuations, which form conform-
ers that quench the fluorescence. In eq 1, Af represents
an ensemble averaged rate characterizing those fluctu-
ations and Af is expected to represent collective side-
chain fluctuations having rates �1011	1012 s	1 or
slower backbone motions �1010 s	1. The spatial fluctu-
ations leading to quenching conformers are constrained
by energy barriers described by Ebf. The temperature T
is the thermal equilibrium temperature established for
the trapped peptide ions by He collisions and radiative
interactions. The quenching rate model fits the lifetime
data very closely for each peptide species in Figure 1a
for the fit parameters listed in Table 1. These fit param-
eters will not be discussed further here except to point
out that the prefactors Af � 1011 s	1 suggest the
importance of side-chain fluctuations; and that values
for Ebf are comparable to charge–dipole interaction
energies between the dye and protonation site.

Fluorescence Quenching Rates for
Dye-Trp-[Pro]n-Arg�

Fluorescence-quenching rate measurements versus tem-
perature are shown in Figure 1b for peptide sequences
(BODIPY-TMR)-Trp-[Pro]n-Arg

� (n � 4 and 10, referred
to herein as DW Pro4 and DW Pro10), (BODIPY-TMR)-
Trp-Arg� (referred to as DW). The lifetime measure-
ments for these peptides demonstrate that electrostatic
interactions introduced by the Arg protonation site
strongly influence the quenching rates. In these peptide
sequences, the dye and Trp residue are adjacent to one
another and the absence of the dye linker ensures
dye-Trp proximity for a larger fraction of the time.
However, as shown in Figure 1b, the quenching rates
for DW Pro4 are comparable to Pro4 sans X (Figure 1a),
suggesting that additional factors play a significant role
in the quenching mechanism. The quenching rates
shown in Figure 1b for increasing polyproline chain
lengths indicate a strong dependence on the average
separation of the charged Arg side-chain and the dye-
Trp pair. Fit parameters for these quenching rates using
eq 1 are included in Table 1 and indicate that the
prefactors Af � 1010 s	1 for these sequences are more
characteristic of slower backbone fluctuations.
The polyproline peptide data provide evidence that

the electrostatic fields of the protonation site play an
important role in determining the quenching rate. It
will be shown in the results of the MD simulations that
electrostatic interactions introduced by the Arg proto-
nation site can significantly change the exothermicity
for an electron-transfer reaction between Trp and dye.

Molecular Dynamics Simulations for
Dye-Trp-[Pro]4-Arg�

Molecular dynamics simulations of unsolvated (M �
H)� ions of dye-Trp-[Pro]4-Arg

� were performed at
seven temperatures over the range 200–500 K to study
fluctuations of the dye, Trp, and Arg� relevant to the
quenching interaction. These calculations have been
useful to identify characteristics of conformers for
which the quenching interaction is highly probable.
These MD simulations are not expected to yield quan-
titative results which can be compared directly with
experimentally measured quantities. Comparison with

Figure 1. Quenching rates versus temperature for the [M � H]�

polyproline ions (a) comparing variants of the sequence dye-
[Pro]n-Arg

�-Trp, and (b) comparing variants of dye-Trp-[Pro]n-
Arg�. Individual curves are identified by the legends and the
quenching rate fit to eq 1 is shown by solid lines. Error bars
indicate the �� values from three replicate measurements per-
formed for each data point.

Table 1. Polyproline fit parameters

Peptide �0 (ns)c Af (1011 s	1)c Ebf (eV)c

Pro4 10.1 � 0.1 4.1 � 0.6 0.28 � 0.01
Pro4 sans Xa 10.3 � 0.1 2.1 � 0.7 0.31 � 0.01
Pro10 11.1 � 0.1 2.4 � 0.9 0.28 � 0.01
DWb 10.1 � 0.1 0.24 � 0.05 0.21 � 0.01
DWPro4

b 10.6 � 0.1 0.11 � 0.02 0.20 � 0.01
DWPro10

b 10.9 � 0.4 0.59 � 0.14 0.28 � 0.01

aSans X denotes the dye without linker.
bStructures for these peptides do not include dye linker.
cUncertainties indicated are �1�.
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gas-phase experiments in which unshielded charges
give rise to strong electrostatic fields renders compar-
ison with data especially sensitive to force field
properties, including (1) parameterization of the elec-
tric charge and (2) the polarizability of the residues. As
a consequence, the MD simulations for Pro4 were per-
formed to qualitatively describe the structures of
quenching conformers to help identify a quenching
mechanism that is consistent with the quenching rate
data. One of the more useful results of the MD simula-
tions for Pro4 was to recognize that the electrostatic
environment present in gas-phase biomolecules might
be sufficient to induce fluorescence-quenching by
charge-transfer between the dye and Trp residue as-
sisted by the intramolecular electric fields.
Solution measurements performed in our laboratory

[1] were able to unambiguously characterize the
quenching interaction between the BODIPY TMR dye
and Trp as photoinduced electron-transfer. A value of
�E(dye-Trp) � 	0.52 eV was estimated [1] for the
exothermicity of a charge-transfer reaction between
BODIPY-TMR and Trp, indicating that the quenching
interaction is dominated by photoinduced electron-
transfer in solution. However, an estimate for the exo-
thermicity of electron-transfer in neutral, gas-phase
Pro4 yields �E(dye-Trp) � �1.6 eV, indicating a highly
endothermic reaction.
The dye-Trp and dye-Arg� trajectories from MD

simulations at 500 K are shown in Figure 2a and b,
respectively. The exothermicity, 	E, was estimated [1]
for MD trajectories of [M � H]� ions by including
Coulomb interaction energies of the charge on Arg�

with the charge-separated pair Trp�, and dye- and with
the dipole moments and the electronic polarizabilities
of each residue. Figure 2c shows that fluctuations of the
dye and Trp can result in quenching conformations for
which charge-transfer becomes an exothermic reaction,
�E 
 0, and simultaneously have dye-Trp separations

10Å. It should be noted, however, that the fluctua-
tions of reaction exothermicity are very closely corre-
lated with the dye-Arg� fluctuations, indicating that the
exothermicity requires strong dye-Arg� interactions.
A description of the quenching process that emerged

from the polyproline measurements was that the ex-
cited dye probes the ensemble of peptide conformations
by spatial fluctuations until the occurrence of specific
conformers which induce nonradiative decay. Experi-
ments as well as the results of MD simulations suggest
that these quenching conformers involve not only a
reaction between the dye and Trp, but also require the
presence of electrostatic fields from protonated side
chains. The following sections describe fluorescence
measurements of vancomycin noncovalent complexes
and Trp-cage proteins. These were performed to inves-
tigate how the quenching rates in larger biomolecules are
related to changes in gas-phase conformations induced by
intermolecular and intramolecular interactions.

Vancomycin–Peptide Noncovalent Complexes

Vancomycin is an important therapeutic agent used for
the treatment of gram-positive bacterial infections. Inhibi-
tion of bacterial cell-wall growth by vancomycin is based
on noncovalent binding of the antibiotic to cell-wall pre-
cursors containing the C-terminal sequence KAA (LDD)
[15–17]. The solution-phase structures of complexes
formed between the vancomycin-group antibiotics and
several small bacterial cell-wall mimicking peptides have
been elucidated using NMR spectroscopy [3, 18–20] and
X-Ray [6, 21, 22]. Electrospray ionization mass spectrom-
etry (ESI-MS) has been applied to study vancomycin–
peptide complexes in gas phase [23–32]. These gas-phase
ESI-MS studies have determined the stoichiometry of
vancomycin complexes and relative binding affinities for
D/L-peptide stereoisomers.
The extensive research on vancomycin–peptide com-

plexes suggest they are ideal systems to use for studies
of noncovalent interactions with fluorescence tech-
niques. The intermolecular interactions between dye-
derivatized vancomycin (VD) and different peptide
ligand stereoisomers can result in different conforma-
tions derived from different hydrogen binding config-
urations. Can such differences in conformation be cor-

Figure 2. Trajectories of (a) the dye-Trp separation, and (b) the
dye-Arg� separation from an MD simulation at 500 K for the
sequence dye-[Pro]4-Arg

�-Trp. Calculation of (c) the exothermic-
ity fluctuations, �E, for a charge-transfer reaction using trajecto-
ries are described in the text. Vertical shaded regions bounded by
the dashed lines are indicators for correlated fluctuations dis-
cussed in the text.
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related with quenching rate versus temperature curves?
To consider this possibility, the fluorescence lifetime
versus temperature was measured for complexes formed
by VD with peptide ligands including a Trp residue as
shown in Figure 3.
Since the disaccharide group shown in Figure 3 is not

essential for the ligand recognition [33], derivatization
of the dye on the primary amine of vancosamine is not
expected to interfere with the complex hydrogen bond
network. Based on our previous work on polyproline
peptide dynamics in gas phase [1], BODIPY-R6G was
coupled to vancosamine without a flexible linker to
more closely reflect the conformational changes of the
noncovalent complexes. This dye placement site identi-
fies the charge site with certainty on the secondary
amino group indicated in Figure 3. To ensure that dye
interference in complex formation is minimal, vanco-
mycin and VD at equimolar concentrations were mixed
with peptide KAA (LDD) in solution and ESI-MS was
performed. The full scan ESI-MS spectra in positive
mode indicates that ion abundances for singly charged
complexes formed with VD and vancomycin are similar
(data not shown), supporting the assumption that dye
attachment does not significantly interfere with the
formation of the noncovalent complex. Singly charged
cations thus provided a well defined model complex,
which made interpretation of the fluorescence lifetime
analysis more straightforward.
Time-resolved measurements of the fluorescence de-

cays were performed on [VD � H]� and complexes of

VD with the peptides listed in Table 2 as a function of
temperature over the range 153 to 398 K. As a control
for the quenching measurements, fluorescence lifetimes
were measured in the absence of Trp as a function of
temperature from 189 to 398 K for [VD � H]� and the
complex [VD � KAA(LDD) � H]�. The fluorescent
lifetimes in the absence of Trp are constant for temper-
atures less than �350 K and decrease by 
8% between
350 and 400 K (data not shown). This residual quench-
ing is most probably the result of weak interactions
with the remaining vancomycin residues or related to
the dye photophysics at higher temperatures.
The measurements and preliminary MD simulations

[34] for the three complexes with stereoisomer peptides
W-KAA (D-LDD), (L-LDD), and (L-DLL) will be pre-
sented below. The discussion will concentrate on com-
paring results for (a) (D-LDD) and (L-LDD), and (b)
(L-LDD) and (L-DLL). This will emphasize the most
important characteristics of the data and their implica-
tions leaving details derived from a more complete
analysis to be presented elsewhere.

Comparison of W-KAA (D-LDD) and
(L-LDD) Complexes

The dependence of the quenching rates on the chirality
of Trp is an important issue. Since the orientation of the
Trp ring structures relative to the peptide backbone are
significantly different for D and L chiralities, it was
helpful to determine to what extent steric effects
changed the quenching rate.
Results of quenching rate measurements for [VD �

W-KAA (D-LDD) � H]� and [VD � W-KAA (L-LDD)
�H]� ions are displayed in Figure 4a. The quenching
rate is clearly sensitive to the change in chirality of a
single Trp residue. This is most likely due to the steric
effects of the Trp orientation modifying the hydrogen
binding and, as a result, the conformation. The differ-
ence in the quenching rate fits is primarily the lower Ebf
barrier parameter for (L-LDD) (Table 3). These quench-
ing rates are comparable to those observed for the dye-
Trp-[Pron]-Arg

� with n � 4,10 suggesting that these rates
are probably limited by the electrostatic fields.
MD structures calculated for stereoisomer complexes

with different Trp chiralities are shown in Figure 5a and b
and Figure 6 a and b. The structures for [VD � W-KAA
(L-LDD)�H]� and [VD�W-KAA (D-LDD)�H]� ions
are shown in Figure 5a and b, respectively. Figure 5a

Figure 3. Noncovalent complex formed between dye-derivatized
vancomycin and the tetrapeptide Ac2-L-Trp–L-Lys-D-Ala-D-Ala.
The dye structure and binding on vancomycin is indicated in red
and the Trp side-chain and binding site on the peptide is indicated
in green. The secondary amine protonation site is indicated in
blue. Dotted lines indicate hydrogen bonds identified in NMR
solution studies of the vancomycin–KAA complex.

Table 2. The peptides used to form vancomycin complexes

Sequencea Abbreviation

1 L-Lys-D-Ala-D-Ala KAA (LDD)
2 D-Lys-L-Ala-L-Ala KAA (DLL)
3 D-Trp-L-Lys-D-Ala-D-Ala W-KAA (D-LDD)
4 L-Trp-L-Lys-D-Ala-D-Ala W-KAA (L-LDD)
5 L-Trp-D-Lys-L-Ala-L-Ala W-KAA (L-DLL)

aAcetylation of the N-terminus and side chain amine of Lys.
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indicates that the bond between the disaccharide ligand
and vancomycin allows sufficient flexibility for the dye
fluctuations to probe the complex. The relative position of
vancomycin and peptide are similar for both (D-LDD) and
(L-LDD) complexes. The different orientations of the D/L
Trp rings are clearly visible and the Trp orientation for
(D-LDD) toward the body of vancomycin could be inter-
fering with hydrogen bonding. These considerations are
consistent with the structures shown in Figure 6a and b.
Overlays of two structures that were taken at an arbitrary
time (0.8 ns) for two different starting structures at 450 K
are shown for the (L-LDD) complex in Figure 6a and for

(D-LDD) in Figure 6b. To emphasize the vancomycin
structures, the dye and peptide have been removed from
the structure images. Clearly the structure for (L-LDD)
suggests a more rigid structure than for (D-LDD) and the
important question to be considered in the more complete
analysis is whether this flexibility is directly related to the
hydrogen bonds, and also how these structures vary with
temperature.

Comparison of W-KAA (L-LDD) and (L-DLL)
Complexes

The temperature dependence of the quenching rate for
[VD � W-KAA (L-DLL) � H]� ions is dramatically
different from [VD � W-KAA (L-LDD) � H]� ions as
shown in Figure 4b. The maximum quenching rate of
the L-LDD complex is a factor of�3 greater than that of
the L-DLL complex at 398 K. The model fits yield
similar energy barriers, Ebf, but the fluctuation rate
leading to quenching conformers, Af, for L-LDD is
greater than L-DLL by a factor of �3.
The MD structures calculated for [VD � W-KAA

(L-LDD)�H]� and [VD�W-KAA (L-DLL)�H]� ions
are shown in Figure 5a and c, respectively. These
structures indicate that the peptide positions are differ-
ent for these complexes. Perhaps more significant, the
overlays for different starting structures in Figure 6
show that the (L-DLL) complex is the most flexible of all
the complexes at 450 K. These comparisons are cur-
rently being performed as a function of temperature for
starting structures.
The trends of the dye-charge trajectory shown in

Figure 7 show the dye-charge separations at 450 K are at
the largest separations (14–18 Å) for the (L-DLL) com-
plex and at shortest separation (3.5–7 Å) for the (L-
LDD) complex consistent with the quenching rate mag-
nitudes measured at 450 K. Although greater flexibility
in the (L-DLL) complex allows side-chain fluctuations
to sample a larger spatial range, apparently this does
not insure a larger fraction of quenching conformations
will be sampled. In fact, the MD trajectories indicate
that the compactness of the more rigid (L-LDD) com-
plex has the advantage to sample a greater fraction of
quenching conformers. These quenching rate measure-
ments imply that the probability of forming quenching
conformers by spatial fluctuations is very sensitive to
the peptide sequence chiralities and thus retain the
characteristic of molecular recognition described in
previous studies of these noncovalent complexes.

Figure 4. Quenching rates versus temperature for [VD � H]�

complexes (a) comparing W-KAA (L-LDD) and W-KAA (D-LDD)
peptides, and (b) comparing W-KAA (L-LDD) and W-KAA (L-
DLL) peptides. Three replicate fluorescence decay time measure-
ments are performed for each data point. Individual curves are
identified by the legends and the quenching rate fit to eq 1 is
shown by solid lines. Error bars indicate the �� values from three
replicate measurements performed for each data point.

Table 3. Vancomycin complex fit parameters

Complexa �0 (ns)b Af (s-1)b Ebf (eV)b

[VD � WKAA (L-DLL) � H]� 11.4 � 0.4 2.5 � 0.7 e�9 0.16 � 0.01
[VD � WKAA (D-LDD) � H]� 11.2 � 0.1 2.2 � 1.5 e�10 0.20 � 0.02
[VD � WKAA (L-LDD) � H]� 11.2 � 0.1 7.3 � 1.8 e�9 0.15 � 0.01

aAll structures do not include dye linker.
bUncertainties indicated are �1�.
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The dication complexes [VM � KAA(DLL) � 2H]2�

and [VM � KAA(LDD) � 2H]2� have been studied in
previous dissociation measurements [27] and exhibit
identical binding energies. Although these quenching
measurements cannot draw a conclusion regarding the
relative binding energy of these monocation complexes
of L-DLL and L-LDD, they indicate remarkable differ-
ences in the dynamic properties. A detailed gas-phase
study [35] of the [VM � KAA(LDD) � H]� monocation
by surface-induced dissociation and related DFT calcu-
lations identifies roughly similar placement for the
peptide binding as suggested by the MD structure in
Figure 5a and b. Furthermore, results for the vancomycin–
KAA complex indicate a gas-phase structure signifi-
cantly different from the solution phase structure [35].

Trp-Cage Protein

Trp-cage is a 20-residue miniprotein, which has been
shown to be fully structured in aqueous solution at low
temperatures [4]. The folded structure has a compact
hydrophobic core consisting of a Trp side chain that is
“caged” by several hydrophobic residues. The NMR
structure of the Trp-cage also indicates a salt bridge
between the negatively charged aspartic acid (Asp) at
position 9 and the positively charged lysine (Lys) and
arginine (Arg) at positions 8 and 16, respectively [4].
Trp-cage is remarkable in that it is the smallest example
of a protein with cooperatively folded tertiary structure
in aqueous solution [4, 36], and that it folds in only 4 �s
[37]. Miniproteins such as Trp-cage are useful tools for

Figure 5. Representative structures of [VD � WKAA � H]� complexes calculated at 450 K for (a)
W-KAA (L-LDD), (b) W-KAA (D-LDD), and (c) W-KAA (L-DLL). The Trp side chain, KAA peptide,
and the dye are indicated in green, red, and blue, respectively, and vancomycin is indicated in grey.
The protonation site in light blue is indicated by the encircled plus sign.

Figure 6. Representative structures of [VD �WKAA � H]� complexes calculated at 450 K from two
starting structures for (a) W-KAA (L-LDD), (b) W-KAA (D-LDD), and (c) W-KAA (L-DLL). The dye
and peptide have been deleted from the image to emphasize the vancomycin structures indicated by
light blue and grey. The protonation site in dark blue is indicated by the encircled plus sign.
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the study of protein folding because their small size
makes them amenable to chemical synthesis which
expedites the production of variants for mutational
studies [4, 36]. In addition, they are readily tractable by
molecular dynamics simulations [38–44].
Here, we present fluorescence lifetime measure-

ments of Trp-cage as a function of temperature in gas
phase, examining the role of charge state. The present
study concentrates on applying fluorescence-quenching
rates to determine the importance of a salt bridge in
stabilizing the structure in gas phase. It has been
established that the salt bridge is essential for stability
of the folded protein [4] in solution phase. In view of
that, measurements were performed for two amino acid
sequences discussed in the Materials section.
Wild Trp-cage: NLYIQWLKDGGPSSGRPPPSK-

(BODIPY-TMR)-CONH2
D9N Trp-cage: NLYIQWLKNGGPSSGRPPPSK-

(BODIPY-TMR)-CONH2.
The only difference in these sequences is the single

point mutation in D9N Trp-cage in which aspartic acid
(Asp9) has been replaced by asparagine (Asn), which
eliminates the possibility that the � 	 � salt bridge can
form in gas phase between Lys8, Asp9, and Arg16 as it
does in solution [4]. MD simulations are being per-
formed as a function of charge state, salt bridge, and
temperature to elucidate details of the dye-protein
conformational dynamics leading to the observed
changes in fluorescence-quenching rates. Several of the
preliminary structures will be presented to correlate
with the measured quenching rates.

Figure 8 presents the quenching rates versus temper-
ature data obtained over the range 150–453 K. The wild
Trp-cage data for the 3�, 2�, and 1� charge states are
shown in Figure 8a. These data exhibit similar curves
for the 3� and 2� states but significantly higher
quenching rates for the 1� state. Table 4 lists the
quenching model fit parameters for these charge states
which reflect these trends. Earlier fluorescence intensity
measurements [9, 45] indicated that the intensity versus

Figure 7. Dye-Trp distance versus dye-charge distance from
trajectories calculated at 450 K for [VD � WKAA � H]� com-
plexes with W-KAA (L-DLL), W-KAA (D-LDD) and W-KAA
(L-LDD). Individual peptide plots are identified by the legend
which also indicates the quenching rate measured at 450 K. Each
point represents the distances after an MD interval of 0.1 ps.

Figure 8. Quenching rates versus temperature for Trp-cage ions
(a) comparing 1�, 2�, and 3� charge states for the wild Trp-cage
sequence, (b) comparing wild Trp-cage and D9N Trp-cage se-
quences for [M � 3H]3� ions, (c) comparing wild Trp-cage and
D9N Trp-cage sequences for [M � H]� ions. Individual curves are
identified by the legends and the quenching rate fit to eq 1 is
shown by solid lines. Error bars indicate the �� values from three
replicate measurements performed for each data point.
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temperature in the presence of fluorescence-quenching
exhibited a decrease of intensity for the 2� state, which
was significantly less than for the 3� charge state. In a
paper discussing fluorescence intensity measurements
in polyproline peptides [46], it was estimated that
intramolecular electrostatic fields were sufficiently
strong (�107	108 V/cm) to shift the dye emission
spectrum by �20 nm. The intensity reduction in such
fields would lead to spectral shifts outside the band-
width of filters in the collection optics and thus would
be present even in the absence of Trp as was observed
for polyproline peptides [46]. Consequently, the inten-
sity measurements of Trp-cage in each charge state was
probably a combination of fluorescence-quenching and
filter loss that would be strongly dependent on charge
state. In this regard, lifetime quenching is an intrinsic
process that avoids effects derived from intensity vari-
ation. It is interesting to point out that theMD simulations
complementing the intensity measurements [9] indicated
that the Trp-cage structures in gas phasewere comparably
compact in both 2� and 3� charge states, consistent with
the present quenching rate measurements.
Comparisons of quenching rate versus temperature

for wild Trp-cage and D9N Trp-cage sequences are
displayed in Figure 8b and c for the 3� and 1� charge
states, respectively. In the 3� state shown in Figure 8b,
the quenching rate curves for both sequences are very
similar in both magnitude and shape indicating that the
structure of this charge state does not include a salt
bridge. A similar result was observed for the 2� charge
state (data not shown). Thus the salt bridge, though an
important contributor to stability in solution, does not
appear to be a significant contributor to the observed
stability of these gas-phase ions. However, quenching
rate curves for these sequences shown in Figure 8c for
the 1� state display a significant difference both in mag-
nitude and shape. The fit parameters in Table 4 indicate
similar values for all species and charge states except the
wild Trp-cage sequence for 1�, suggesting that a salt
bridge plays a role in only this species. These results are
particularly interesting in light of ultraviolet photodisso-
ciation measurements [47] of Trp-cage in the 1� charge
state, which infer the presence of a salt bridge structure
and MD calculations [48] on the 1� state that characterize
the Trp-cage structure with a salt bridge present.
MD simulations are currently being performed [49]

over the experimental temperature range to relate the
quenching rate measurements to the charge state struc-

tures. Preliminary structures for the 1� charge state are
shown in Figure 9. The D9N Trp-cage structure in
Figure 9a is qualitatively similar to compact structures
calculated [9] previously for the 2� and 3� states. The
MD simulation for the wild Trp-cage structure (Figure
9b) was performed with charges placed on Lys8�,
Asp9	, and Arg16� to form a � 	 � salt bridge. The
salt bridge will constrain the spatial fluctuations of
these charge sites possibly resulting in stronger electro-

Figure 9. Representative structures of Trp-cage [M � H]� ions
calculated at 315 K for (a) D9N Trp-cage sequence, and (b) wild
Trp-cage sequence. In D9N Trp-cage the Trp residue is in green,
Arg residue in red, dye in blue, and Trp-cage backbone in grey.
The protonation site on Arg is indicated by the encircled plus sign.
In the wild Trp-cage sequence a salt bridge structure indicated by
(� 	 �) is shown between Lys, Asp, and Arg residues in red.

Table 4. Trp-cage fit parameters

Proteina �0 (ns)b Af (s	1)b Ebf (eV)b

Wild [M � 3H]3� 10.9 � 0.02 2.1 � 0.5 e�11 0.32 � 0.01
Wild [M � 2H]2� 10.9 � 0.03 1.5 � 0.2 e�11 0.31 � 0.01
Wild [M � H]� 11.30 � 0.03 1.1 � 0.1 e�13 0.44 � 0.01
D9N [M � 3H]3� 11.19 � 0.05 4.7 � 3.3 e�11 0.47 � 0.03
D9N [M � H]� 11.30 � 0.11 2.4 � 1.7 e�11 0.31 � 0.01

aAll structures include dye linker.
bUncertainties indicated are �1�.
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static interactions with the fluctuating dye. In contrast,
the D9N Trp-cage charge site on the Arg side chain is
free to fluctuate over a larger spatial range increasing
the average dye-charge separation, which has been
noted above in the polyproline peptide to result in
lower quenching rates. Additionally, the salt bridge
appears to constrain the separation between the dye
and Trp side chain, which will also tend to increase the
quenching rate. In continuing analysis, the structures
for each charge state will be considered as a function of
temperature to identify the dependence of quenching
rate on structure more quantitatively.

Conclusions

Quenching rate measurements of polyproline peptide
sequences provided an opportunity to control the in-
tramolecular interactions so that the characteristics of
conformers, which had a high probability to quench the
fluorescence, could be determined. Quenching was in-
creased by the presence of a strong electrostatic field in
the vicinity of the fluorescent dye and in addition by the
proximity of the dye and Trp side chain. The spatial
constraints imposed by these requirements imply that
those quenching conformers satisfying these constraints
are probably a small subset of the total ensemble of
fluctuating conformations. A model for the quenching
mechanism based on field enhanced electron-transfer
between the Trp and dye is consistent with the experi-
mental quenching data.
Quenching data for larger biomolecular structures dis-

play distinct changes in the rate versus temperature
curves driven by intramolecular interactions in Trp-cage
protein and intermolecular interactions in vancomycin–
peptide complexes. The presence of a salt bridge struc-
ture in the Trp-cage protein was shown to be strongly
dependent on charge state. The salt bridge is inferred
from the quenching rate of the 1� charge state by
comparing rates of the wild type with a mutant in
which the salt bridge is eliminated by a variant amino
acid sequence. The increased quenching rate observed
when the salt bridge is present is most likely associated
with more compact conformations. As indicated by MD
simulations, these conformations decrease the dye-Trp
and dye-Arg� separations, which lead to increased
quenching rates based on the quenching model. The
continuing analysis of MD trajectories is quantifying these
results as a function of starting structure and temperature.
The quenching rate in vancomycin–peptide complexes
was observed to be dependent on the chirality of the
peptide amino acids. The quenching rate was shown to
be sensitive to a change in chirality of a single Trp
residue in the peptide. Larger differences in quenching
rates were observed for peptide chiralities, which were
previously [27] associated with changes in the hydro-
gen bonding network. MD trajectories for different
peptide chiralities indicate that decreases in the dye-
Arg� separations are correlated with the measured
increases in the quenching rates. These MD analyses are

being extended to all temperatures and starting struc-
tures to obtain a more quantitative description of the
dependence of peptide chirality on vancomycin flexibil-
ity and hydrogen bond probability.
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