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ABSTRACT: A detailed understanding of the interplay between structure and interactions of biomolecular systems is of high
importance in order to map biomolecule function and to develop new targets for treatment of diseases. In parallel to in vivo and in
vitro studies, methods for probing biomolecular structure in vacuo have also been developed; for example native mass spectrome-
try, ion mobility mass spectrometry, and FRET techniques. Here, we propose a novel technique for probing biomolecular structure
based on the changes in photophysics of a rhodamine-based chromophore upon dimer formation, which we call action self-
guenching. Comparison of solution and gas phase measurements on a doubly tagged tripeptide shows that fluorescence quenching
in the chromophore dimer is accompanied by an increase in photofragmentation yield. Two test systems of different size — the 12-
28 fragment of Amyloid beta, and ubiquitin — are then used to probe the sensitivity and applicability of action self-quenching. A
particularly important observation is that action self-quenching is capable of probing very small changes in conformation as it
shows an on-off response, making it complementary to FRET based techniques, which are insensitive at very short chromophore

separations.

Introduction.

A detailed understanding of the interplay between structure
and interactions of biomolecular systems is of high importance
in order to map biomolecule function and to develop new
targets for treatment of diseases. Amongst the techniques used
to probe biomolecules, those based around fluorescence are
perhaps the most commonly used."” In particular, Forster
Resonance Energy Transfer (FRET) has become a ubiquitous
technique for probing changes in protein structure and associa-
tion. In parallel to in vivo and in vitro studies, methods for
probing biomolecular structure in vacuo have also been devel-
oped. Although mass spectrometry has been used as a tool in
proteomics for many years, the recent advent of native mass
spectrometry has allowed gas phase studies to progress from
simple sequencing to stoichiometric and structural measure-
ments.® " Strategies combining native mass spectrometry and
ion-mobility mass spectrometry (IM-MS) are now well attest-
ed as sensitive probes to the gas-phase conformations of bio-
molecular systems.'* Recently, FRET has also been transposed
to the gas-phase, being evidenced both by fluorescence detec-
tion, and by detection of specific photofragmentation (action-
FRET).®*? Action-FRET has been used to explore the con-
formational landscape of different alloforms of a fragment of
the amyloid beta peptide, as well as dimer formation.'"#
More recently, FRET has been applied to full-sized proteins
for the first time in the gas-phase, providing evidence that the
technique will be a useful addition to the gas-phase structural
biology toolbox. "%

One of the biggest advantages of performing FRET meas-
urements is that they have the potential to provide a direct link
between conformational ensembles in the solution and gas
phase. It has long since been demonstrated that soft ionization
mechanisms such as electrospray ionization (ESI) can preserve
solution phase conformational ensembles into the gas phase.
The nature of this link and the evolution of the conformational
ensemble upon transposition to the gas-phase has been more
difficult to pin down and is an active area of current
research.>??" The processes that occur during FRET are
essentially identical in solution and gas phase (the differences
being changes in optical properties in different media which
may be accounted for computationally). The measurement of
FRET efficiencies in the gas- and solution phases may thus be
directly compared.”® This unique correspondence has the po-
tential to answer some of the most fundamental questions
remaining in native mass spectrometry from the structural
biology perspective.

FRET, however, does have some limitations. Firstly, the
prerequisite of two chromophores (donor and acceptor) to be
tagged onto the target protein (or proteins) means that prefera-
bly two specific tagging locations must be present. If the same
tagging chemistry is used for both chromophores, there will be
a lack of specificity which leads to multiple species being
present in solution (donor-donor, donor-acceptor, acceptor-
donor, and acceptor-acceptor). Although this is not a problem
in the gas-phase, where differences in the molecular weight
allows easily isolation of a specific species (except for the
donor « acceptor case, where the two products are isobaric),
extra purification steps are necessary for solution-phase stud-



ies to achieve the same purity, and the concentration of FRET-
active protein is reduced. Alternatively it is possible to use
either protecting groups, unnatural amino acids using stop-
codon mutations, or tagging during the synthesis step directly
to avoid such multiplicity, but this can greatly complicate an
experimental methodology.”®" Second, although FRET is
very sensitive in the 1-10 nm range (depending upon the
chromophore pair chosen), it breaks down at very short dis-
tances, where the point-dipole approximation fails, and where
it is not possible to consider the chromophores as independent
systems.”” This precludes the use of FRET to study, for exam-
ple, small conformational changes induced by substrate bind-
ing to a protein.

Certain fluorescent probes used in FRET experiments have
a further property which is useful in overcoming both afore-
mentioned limitations, namely self-quenching. It is well
known that rhodamine derivatives undergo fluorescence
guenching at high concentrations. This has been attributed to
energy hopping to dimeric species, which act as quenching
centers, reducing the fluorescence lifetime from a few nano-
seconds to as low as 1 picosecond.* The mechanism of fluo-
rescence quenching in rhodamine dimers has been investigated
by Setiawan et al., who showed that internal conversion fol-
lowing photoexcitation to an optically bright state to a lower
lying optically dark state is responsible.* Interestingly, it was
also found that the relative orientation of the chromophores
has a strong influence on the relative ordering of the dark and
bright states.®* Furthermore, a single-molecule study by Her-
nando et al. on tetramethylrhodamine dimers have shown that
there exist strongly and weakly bound dimers, differing by the
separation of the chromophores.® These results showed that it
was only strongly interacting chromophores with separations
less than 1 nm which undergo self-quenching.

The short-distance dependence of such self-quenching
measurements has been used to study, for example, the aggre-
gation of amyloid beta fibrils, and the folding Kkinetics of leu-
cine zipper domains.***" Chromophore dimer formation as a
mechanism for probing protein conformational dynamics is
particularly attractive since it is extremely sensitive to small
changes in the separation. Indeed, Zhou et al. showed that a
sub-nanometer resolution is possible, observing a 20 fold
increase in fluorescence yield following ADP binding to the
ParM protein which corresponds to an increase of only 0.5 nm
in tagging site separation.®® This makes dimer-induced self-
quenching a suitable complement to FRET experiments, which
are more sensitive to larger conformational changes.

In this paper, the feasibility of using dimer-induced self-
guenching of fluorescence in Atto 520 — a rhodamine analogue
closely related to rhodamine 6G — as a probe of structural
change in the gas phase was examined using a variety of sys-
tems of different size.

Methodology

Sample preparation

Atto 520 maleimide (A520, Figure S1) (AttoTec GmbH,
Germany) was dissolved in DMSO to a final concentration of
20 mM. This was subsequently diluted in a 1:1 v/v mixture of
either H,0:CH3;OH or H,0:CH5CN to a concentration of 100
MM as stock solution for the reactions. H-CAC-OH (genecust,
Luxembourg) was dissolved in 1:1 v/v H,0:CH5OH to a con-

centration of 100 uM. The 12-28 fragment of wild-type amy-
loid beta with terminal cysteine residues (ace-
CVHHQKLVFFAENVGSNKC-NH,, Genecust, Luxembourg)
was dissolved in 1:1 v/v H,0:CH3CN to a final concentration
of 100 puM. A double cysteine mutant (G35C L73C, Gene-
script, USA) was purchased and purified as described in detail
elsewhere. ™

Tagging of the peptides was performed by dilution to the
desired final concentration of the peptide (10 puM for gas-
phase action spectroscopy measurements, 1 UM for reaction
kinetic measurements in solution and gas phase), and addition
of chromophore in a 2:1 molar ratio so that tagging could be
performed with close to 100 % yields. All reaction mixtures
were tested via ESI-MS to ensure the tagging reaction had run
to completion.

Reaction Monitoring

Fluorescence intensity measurements were performed in a
Fluoromax-4 spectrophotometer (Horiba). Final peptide con-
centrations of 1 UM were used, corresponding to 2 uM chro-
mophore concentration. Fluorescence excitation was per-
formed at 520 nm with a 1 nm bandwidth and fluorescence
was monitored every 60 seconds at 543 nm (fluorescence
maximum, Figure S2) with 1 nm bandwidth. To perform the
measurement, 3 ml of 1 uM solution of CAC in H,0:CH;OH
was added to the cuvette within the spectrometer. Immediately
prior to starting the acquisition, a two-fold molar excess of
A520 was added to the solution in the cuvette in order to min-
imize time lag between addition of the chromophore and
commencement of the measurement.

For gas phase measurements, an identical solution was pre-
pared just prior to starting a measurement and was injected
directly into the ESI source. The relative intensity of the 1+
and 2+ charge states of singly tagged CAC, and the 2+ and 3+
of doubly tagged CAC (each chromophore carries a permanent
positive charge, and a single protonation site — the N-terminus
— on the peptide) was monitored as a function of time. The
total mass spectrum was recorded continuously until the sam-
ple was fully injected, approximately 60 minutes after injec-
tion was commenced.

To generate a reconstructed fluorescence intensity profile,
the maximum and final fluorescence intensity measured in
solution were convoluted with the relative intensities of the
singly and doubly tagged peptide respectively; IL.econstruce =
(Flyax * Isg) + (Flopg * Ipg) Where FI..,. and Fl,,, are the
maximum and final fluorescence intensities, and Is; and I,
are the relative intensity of singly and double tagged peptide
respectively.

Optical Spectroscopy.

The experimental setup used for optical action-spectroscopy
measurements has been described in detail elsewhere.*® Brief-
ly, a linear quadrupole ion trap mass spectrometer (LTQ Ve-
los, Thermo Fisher Scientific, San Jose, CA) was used to
generate, mass select, and trap ions in a first, high pressure
trap for a controlled period during which they may be activat-
ed by laser irradiation (laser induced dissociated, LID). After
irradiation ions are transmitted to a second, lower pressure ion
trap, to be mass analyzed. A fused silica window (3 mm thick,
1 in. diameter) is positioned at the back end of the instrument,
and 1-2 mm diameter circular openings in the trapping elec-



trodes allow coupling of light source and trapped ions. In
order to optimize laser transmission, the central hole of the
electrode closest to the fused silica window was enlarged to 5
mm in diameter.

The light source used was a Horizon OPO pumped by the
third harmonic of a Surelite 11 Nd:YAG laser (Continuum,
Santa Clara, CA). A repetition rate of 10 Hz and pulse widths
of 5 ns were used. The beam was focused into the first ion trap
using a 1000 mm focal length convergent lens. A mechanical
shutter, synchronized with the mass spectrometer, was used to
stop the beam at all times except the “ion activation window”,
that is, the time after ion accumulation and before mass analy-
sis. A single laser pulse was used for the irradiation of the
trapped ions, and the normalized collision energy is kept at
zero during irradiation.

To record action spectra, the laser wavelength was scanned
between 530 and 420nm, in 0.1 nm steps and with a 1 s dwell
time at each wavelength, resulting in a total acquisition time of
approximately 20 minutes. Mass spectra were recorded every
9 uscan, which corresponded to approximately one mass spec-
trum per second. Laser power was recorded by performing a
second scan under identical conditions immediately following
acquisition of the action spectrum. To analyse the data, each
mass spectrum was assigned a wavelength value given by

Astart — ((i —1) = (%)) where Ay = 530 nm is the start-

ing wavelength, i the mass spectrum number, A1 = 110 nm is
the total wavelength change, and n the total number of mass
spectra acquired during the acquisition. The same procedure
was used to provide a wavelength range for the laser power
(P), and a linear interpolation performed to give values of the
laser power at the wavelengths assigned to each mass spec-
trum. The fragmentation vyield was then defined as
- IOg(Iparent/Itotal) /(l * P) where Iparent and It:otal are the
parent and total ion signal respectively at each point in the
acquisition. For the doubly-tagged amyloid beta peptides,
specific fragmentation yields are used and defined as
Ispy /liotar/ (A * P) wWhere Igp is the intensity of the specific
fragments considered (see details below).

For ubiquitin, where the photofragmentation is much lower,
a background subtraction was performed on the specific frag-
mentation yield. To do this, a peak-free region of the mass
spectrum was chosen and the intensity summed over a range
of identical size as used to determine the specific fragmenta-
tion yield. The background corrected specific fragment inten-
siy was then calculated as I sry = Igry — Ig, and the specific
fragmentation yield determined as above to be I.spy /Iiotai-

lon Mobility Mass Spectrometry.

lon mobility measurements were performed on a tandem
drift tube mass spectrometer described in detail elsewhere.***
Here ions were analyzed using 4 Torr helium as a buffer gas at
room temperature and utilizing a drift voltage of 400 V.

Results and Discussion

In solution, self-quenching can be relatively easily evi-
denced by changes in either the fluorescence quantum yield or
the fluorescence lifetime. Direct gas-phase measurements of
these properties are much more challenging, and beyond the
capabilities of the experimental setup used here. It is therefore
worthwhile taking some time to examine and compare solution

0.10 4 Reconstructed Gas Phase
Solution Phase

-1.10

1.05

- 1.00

- 0.95

- 0.90

Fluorescence Intensity / Arb. Units

Reconstructed Fluorescence Intensity

0.00 T T T

T T T T - 0.85
0 30 60 90 120 150 180 210 240

Time / min

Figure 1. Fluorescence intensity (solid black line) at 543 nm of a
2:1 ratio of Atto 520 and the tripeptide CAC in H,0:CH3;0OH
following photoexcitation at 520 nm. Also shown is the recon-
structed gas phase fluorescence intensity (lreconstruct =
(Flpax * Isg) + (Flopg * Ipg)  With Flg = 1.1 and Fl,,q =
0.9, see text for details) using the ion intensities shown in Figure
S1 for singly and doubly tagged CAC. The dark grey curve is a 10
point adjacent averaged smoothing of the raw data.

and gas phase measurements of a system where self-quenching
is expected to be important. For these exploratory experi-
ments, Atto 520 maleimide (A520, Figure S1) was chosen as a
prototype chromophore, since this is a commercially available
bright fluorescent dye with absorption maximum at 524 nm
and fluorescence maximum at 546 nm in H,O/CH;OH (Figure
S2). The uncapped tripeptide H-CAC-OH was chosen for
tagging as chromophores are forced into close proximity upon
tagging of such a small system and hence should undergo self-
quenching.

To test this hypothesis, the fluorescence intensity of A520 at
543 nm following excitation at 520 nm was monitored as a
function of time following mixture in a ~2:1 ratio with CAC,
all in 1:1 H,0:CH;0H at ~1 puM, Figure 1. Two different
behaviors may be observed; an initial increase in the fluores-
cence intensity, with a maximum at around 1.10 followed by a
subsequent decrease tending towards 0.9. To further explore
how the fluorescence behavior correlates with tagging of CAC
with A520, the relative intensity of singly and doubly tagged
CAC following ESI of an identical solution were measured as
a function of the time (Figure S3). Comparison of the gas and
solution phase measurements suggest that the initial rise in the
fluorescence can be attributed to formation of singly tagged
CAC, implying that tagging of the chromophore increases its
fluorescence quantum vyield (as indicated by AttoTech in their
brochure). A similar change in photophysics occurs in Eosin Y
maleimide, where fluorescence is only observed upon the
reduction of the maleimide to succinimide by covalent tag-
ging.*® The increase in the doubly tagged CAC lags behind
singly tagged since formation of the singly tagged peptide is a
prerequisite for the doubly tagged species. Using the relative
intensity of the single and doubly tagged species in the mass
spectra, it is possible to reconstruct the fluorescence intensity
using the formula I cconstruct = (Flmax * Isg) + (Flena * Ipg)
where FI,,, = 1.1 is the fluorescence intensity of the singly
tagged CAC, Fl,,; = 0.9, Figure 1. The reconstructed fluo-
rescence intensity closely matches the observed solution phase
measurements, indicating that it is the presence of doubly
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Figure 2. Action-spectra of mass selected (a) [A520]", (b) [A520
CAC]", and (c) [A520-CAC-A520]%".

tagged CAC inducing dimers of A520 which is responsible for
the decrease in fluorescence intensity.

How does this change in relaxation pathway upon dimeriza-
tion present itself in gas-phase measurements of action-
spectra? Figures 2 and S4 show the action spectrum for isolat-
ed A520 (a), singly tagged CAC (b) and doubly tagged CAC
(c), where the same scale is used for direct comparison. That
there is a marked increase in the fragmentation efficiency in
the doubly tagged species is evident, whilst where there is a
single chromophore very low fragmentation efficiency is
observed; the latter being expected for a fluorescent dye where
de-excitation occurs predominantly by photon emission. The
maximum of fragmentation for the isolated chromophore is
found at 435 nm, which significantly blue-shifted with regard
to the solution phase value of 520 nm. It has been previously
established that photofragmentation of fluorescent rhodamine
derivatives occurs via resonant two photon absorption via the
S, state to higher lying singlet states.”” This explains the dif-
ference in the action spectrum for the isolated chromophore as
compared to the solution-phase absorption spectrum. Since
two photons are absorbed, the fragmentation efficiency is
sensitive to the absorption cross-section not just of Sy to S; but
from S; to higher lying singlet states (see Figure S5).

The maximum in the action spectrum for doubly tagged
CAC is 495 nm which is similar to the value obtained for a
similar dimer of Rhodamine 575."° A previous computational
study on dimers of rhodamine B showed that an optically dark
state exists at lower energy than the first optically bright tran-
sition.* Kasha’s rule states that appreciable fluorescence
occurs only from the lowest lying excited state of a given
multiplicity, and since the S; state in the dimer was calculated
to be optically dark, there can be no fluorescence and hence
alternative relaxation mechanisms such as internal conversion
must occur, leading to photofragmentation.
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Figure 3. Mass spectra of mass selected [A520-CAC-A520]*
following CID (a) or irradiation with a single laser pulse of 495
nm (b). The black asterisks denotes the parent cation, and the red
asterisks denote the chromophore specific fragmentation associat-
ed with the self-quenching.

It is also interesting to note that photo-specific fragmenta-
tion is observed, i.e. photo-fragments that are not seen after
collision induced dissociation (CID) see Figure 3 (and also
Tables S1-S2 and Figure S6 for assignments). This indicates
that fragmentation following laser induced dissociation (LID)
is really located on the chromophore, which is not observed
for collision induced dissociation where the energy is isotropi-
cally distributed. In particular the fragments labelled with
asterisks on Figure 3 are far more intense following LID at
495 nm, and in a manner analogous to that used in action-
FRET they can be used as a reporter that self-quenching has
occurred.™

In order to probe the influence of the chromophore separa-
tion on the self-quenching, the 12-28 fragment of amyloid-
beta with capped cysteine residues at both termini (CaBC) was
chosen as a prototype system, as the structure has already been
characterized in the group.*’ Previous measurements particu-
larly focused on changes to the structure for 4+, 5+ and 6+
doubly tagged cations using action-FRET. This provides an
interesting test of the use of self-quenching as a useful probe
of chromophore separation, since it is conformationally
changes between different compact structures which self-
guenching is expected to be sensitive to. Indeed, upon ESI of
doubly tagged CABC(12-28) charge states from 2+ to 6+ are
observed (an isobaric species precludes isolation of the 6+
charge state and hence this is not considered further).

Figure 4 shows the action spectra for mass selected doubly
tagged CABC(12-28) in the 2+ to 5+ charge states. There are
two important trends that can be noted here; the first is that the
intensity of the band at 495 nm decreases as the charge state
increases, and a band at 435 nm is observed as the charge state
is increased. The action spectrum for the 2+ charge state is
essentially identical to that observed in Figure 2(c) and indi-
cates that both chromophores are very close, as expected for a
very compact structure. The action spectra for the 4+ and 5+
charge states resemble very closely those observed for isolated
chromophores shown in Figure 2(a-b). This is consistent with
previous measurements which showed a change in secondary
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Figure 4. Action spectra of mass selected doubly tagged CABC .
g in the 2+ (black), 3+ (red), 4+ (blue) and 5+ (green) charge
states.

structure from random coil to alpha-helical between 3+ and 4+
charge states, resulting in a large change in chromophore
separation from ~10 A to ~40 A, making chromophore dimer
formation impossible.'” The band at 435 nm can therefore be
assigned as an intense resonant two-photon absorption dis-
cussed above.

Why is the band at 435 nm not observed when the system is
undergoing self-quenching? In the case of the isolated chro-
mophore it has been previously measured for similar rhoda-
mine derivatives that the S; state has a lifetime of approxi-
mately 5 ns.”® Solution phase measurements of the fluores-
cence lifetimes of rhodamine dyes at high concentrations have
found lifetimes as low as 1 ps, indicating that the initially
populated bright state is extremely short-lived in dimeric spe-
cies.® Hence, the suppression of the band at 435 nm in the 2+
could be explained by a decrease in the lifetime of the initially
excited singlet state, yielding subsequent decrease in the prob-
ability for absorption of a second photon. In this case, Figure
2c suggests that the small size of the tripeptide prevents a
perfect stacking of the chromophores since the 435 nm band is
observed here, which is also consistent with the non-zero
fluorescence intensity at long time scales seen in Figure 1.

The 3+ charge state appears to be an intermediate case to
the 2+ and 4+ charge states; with both the 495 and 435 nm
bands observed. This is suggestive of there being at least two
distinct conformational families present: one in which the
chromophores are close enough to interact and undergo self-
quenching, and one in which they are too far apart to form an
intra-molecular chromophore dimer. In order to confirm this
hypothesis, ion mobility profiles were measured for the 3+, 4+
and 5+ charge states of doubly tagged CABC(12-28) (it was
not possible to observe the 2+ charge state with sufficient
intensity to perform ion-mobility on it), Figure 5. The 4+ and
5+ charge states are clearly dominated by a single conforma-
tional family, as previously observed, corresponding to an
extended helical conformation.”” The 3+, however, shows at
least two conformational families, which is entirely consistent
with the conclusions made from the self-quenching experi-
ments. Furthermore, it must be noted that previous FRET-
efficiency measurements of the 3+ charge state gave a value of
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Figure 5. lon Mobility arrival time distributions for the 3+ (a), 4+
(b) and 5+ (c) charge states of doubly tagged CaBC(12-28).

1, providing no information other than confirming that chro-
mophores are very close. This therefore indicates that self-
guenching is a sensitive probe for structural changes that occur
in compact peptide conformations where FRET is not sensi-
tive.

It is also possible to extend fluorescence self-quenching
measurements to larger protein systems to probe small-scale
changes in conformation here. A double cysteine mutant of
ubiquitin which has been used previously for an action-FRET
study was used as a prototype system.™ In the action-FRET
measurements, it was the change from native to unfolder A-
state that was being probed. In the case of fluorescence
quenching, it will instead be smaller-scale changes in local
structure; involving changing of the chromophore confor-
mation relative to the protein structure as charge state is in-
creased.

Figure 6 shows the specific chromophore fragmentation
yields for different charge states of ubiquitin produced via ESI

of a H,O solution with 0.1 % acetic acid by volume. Since the
photofragmentation yields are in general much smaller for
protein species, a background subtraction was performed as
described above in order to give a better estimate of the specif-
ic photofragmentation yields. There is a large decrease in the
corrected specific photofragmentation yield for the 5+ and 6+
charge states, a smaller decrease between 6+ and 7+ followed
by a constant small value. The large decrease in specific frag-
mentation yield for the 6+ compared to the 5+ can be ex-
plained by unfolding of the chromophore linker chain on the
same compact protein structure. Such an unfolding was also
observed in action-FRET measurements on the same system.'®
In the case of the 6+ charge state, the specific fragmentation
yield remains above the baseline level seen for higher charge
states. This indicates that there is a small population of struc-
tures in which the chromophores remain close enough to un-
dergo self-quenching, but the linker chains are predominantly
in an unfolded conformation. For the 7+ and higher charge
states, there is no longer the possibility to form an intramolec-
ular chromophore dimer, which is consistent with previous
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associated with self-quenching for doubly tagged ubiquitin cations
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action-FRET measurements and molecular dynamics simula-
tions as well as ion mobility data.’®***® That the specific pho-
tofragmentation yield does not go to zero can be explained by
a combination of resonant two-photon absorption of an isolat-
ed chromophore leading to fragmentation and an imperfect
background subtraction.

Conclusions and Prospects.

The phenomenon of fluorescence self-quenching in Atto
520 has been studied in both solution and gas phases by fluo-
rescence spectroscopy, mass spectrometry, action spectrosco-
py and ion mobility mass spectrometry. Solution-phase fluo-
rescence intensity measurements in combination with mass
spectrometry measurements of relative intensity of doubly
tagged CAC showed that an initial rise in fluorescence intensi-
ty can be attributed to singly tagging, a subsequent decrease is
associated with double tagging and the formation of chromo-
phore dimers. Comparison of the gas-phase action-spectra of
isolated chromophore and singly and doubly tagged CAC
showed that a large increase in the fragmentation yield origi-
nating from a change in the photophysical properties are ob-
served for doubly tagged species.

It was shown both by examination tagged versions of the
12-28 fragment of amyloid-beta and ubiquitin that self-
quenching is indeed a sensitive probe of biomolecule struc-
ture. In particular, the action-spectra for different charge states
of the tagged amyloid-beta fragment resemble either the test
case for an intramolecular chromophore dimer, or the isolated
monomer. In the case of the 3+, the presence of two conforma-
tional families — one in which dimer formation is possible and
one where it is not — were inferred from the signatures in the
action spectrum of both dimeric and isolated chromophores,
which was confirmed by observation of a bimodal ion mobili-
ty profile. This observation demonstrates nicely the comple-
mentarity of action self-quenching and action-FRET, since
previous action-FRET measurements of the same system did
not show evidence for two conformational families."” In the
case of ubiquitin, it was shown that action self-quenching
scales to larger systems.

From the aforementioned observations, measurement of the
level of action self-quenching can be measured in the follow-

ing way. The first would be to examine the ratio of specific
fragmentation yield at 495 nm compared to 435 nm; the higher
the ratio, the greater the proportion of the conformations that
allow intramolecular dimer formation. Since self-quenching
shows an essentially on-off response, it is well suited for stud-
ying either association or dissociation of different regions of a
protein after performing some activation — binding or removal
of a ligand to/from a protein, for example, or probing how
individual proteins within a larger protein complex interact
with each other.
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