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Rationale: Among the sources of structural diversity in biomolecular ions, the
co-existence of protomers is particularly difficult to take into account, which in turn
complicates structural interpretation of gas-phase data.

Methods:

measurements and ion mobility spectrometry (IMS) to the protonation state of a

We investigated the sensitivity of gas-phase photo-fragmentation

model peptide derivatized with chromophores. Accessible interconversion pathways
between the different identified conformers were probed by tandem ion mobility
measurement. Furthermore, the excitation coupling between the chromophores has
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been probed through photo-fragmentation measurements on mobility-selected ions.

All results were interpreted based on molecular dynamics simulations.

Results: We show that protonation can significantly affect the photo-fragmentation

yields. Especially, conformers with very close collision cross sections (CCSs) may
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display dramatically different photo-fragmentation yields in relation with different
protonation patterns.

Conclusions: We show that, even if precise structure assignment based on

Funding information molecular modeling is in principle difficult for large biomolecular assemblies, the
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combination of photo-fragmentation and IMS can help to identify the signature of
protomer co-existence for a population of biomolecular ions in the gas phase. Such

spectroscopic data are particularly suitable to follow conformational changes.

1 | INTRODUCTION

spectroscopic techniques.'?-3? Such attempts have nevertheless been

limited to relatively small systems in general. Indeed, the expected

The emergence of soft ionization techniques,'® and then native mass
spectrometry, has motivated the development of experimental strategies
for the determination of the three-dimensional structures of molecular,
and especially biomolecular systems in the gas phase. A wealth of
techniques have been proposed as gas-phase structural probes, among

)*¢ and ion mobility

which infrared multiphoton dissociation (IRMPD
spectrometry (IMS)”"*8 have been the most widely used. The hierarchical
structuration of biomolecules nevertheless renders the problem of
structure determination particularly tricky to solve, thus justifying the
combination of putatively complementary techniques. An appealing
approach is to use a measure of the global shape of a molecule, like the
collision cross sections measured by IMS, with more local information

on the molecular arrangement that can be obtained from IRMPD, or other

complementarity is undermined on the one hand by the low structural
sensitivity of IMS, and on the other hand by the increasing difficulty to
interpret spectroscopic data (especially IR) as the size of the molecular
system of interest grows.>? Promising results have nevertheless been
reported, which rely on energy transfer measurements between
chromophores.®338 In particular, Forster resonance energy transfer
(FRET) efficiencies could be determined for isolated ions, either through

fluorescence® or fragmentation measurements, >3

and interpreted in
terms of molecular distance. Moreover, the possibility to measure FRET
on IMS-selected ions has recently been demonstrated.3’ An advantage
of FRET against other spectroscopic techniques is that its interpretation
does not rely on the assignment of spectral bands, and thus does not

suffer from spectral congestion or prohibitive computational costs as

28 | © 2018 John Wiley & Sons, Ltd.
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the number of atoms in the molecule increases. Indeed, FRET
measurements on a full protein or on non-covalent complexes have been
reported, illustrating the structural sensitivity of the technique, and its
scalability to large biomolecular systems.3>4041

One of the interests in performing structural studies on gas-phase
ions is the possibility to precisely control the composition of the
object under investigation through the selection of its mass-to-charge
ratio, and possibly its IMS drift time. However, a particularity of
gas-phase studies on multi-charged protonated (or deprotonated) ions
Different

protonation patterns generally lead to differences in the gas-phase

is the possible ambiguity on the protonation sites.

folding, which can often be separated by IMS. However, the
attribution of the features observed in an IMS arrival time distribution
to different conformers, resulting from the structural diversity of the
systems, or to different tautomers is a complex task. Especially, the
need to account for all possible combinations of protonation patterns
can make molecular modeling simulations un-tractable.

In the present paper we examine the sensitivity of energy transfer
measurements to different protonation patterns in a biomolecular
system. The interplay between protonation and the optical and
structural properties of small bio-molecular chromophores has already

d42

been investigated,”” and we recently studied dye-tagged model

peptides including different protonation patterns.*® This contribution
follows the same line by using a well-controllable model peptide,
doubly tagged with a FRET donor-acceptor dye pair. The structural
heterogeneities potentially present in such system comprise
conformations, protonation pattern and the dye-tagging pattern. We
present an experimental strategy to select single conformational
families by ion mobility, in order to perform activation studies and
photo-fragmentation measurements. The results are interpreted by
systematic conformational landscape exploration with force-field-based
molecular dynamics techniques and subsequent structural refinement
using electronic structure calculations, after which we obtain energetic

and ion-mobility-related predictions.

2 | EXPERIMENTAL

The peptide H-CAKA,C-OH was purchased from GeneCust
(Luxembourg) and was dissolved in H,O to a concentration of about
1 mM. Carboxyrhodamine 575 Cs-maleimide (Setareh Biotech,
Rh575) and QSY 7 Cs-maleimide (Life Technologies, QSY7) were used
without further purification as donor and acceptor chromophores,
respectively. Each chromophore was dissolved in dimethyl sulfoxide
(DMSO) at a concentration of ~10 mM, and the peptide solution was
mixed with Rh575 and QSY7 solutions to graft chromophores to the
thiol groups of the peptide. Such grafting does not provide regioselectivity
regarding the tagging sequence (i.e. Rh575-CA,KA,C-QSY7,
Rh575-CA,KA,C-Rh575,  QSY7-CA,KA,C-Rh575 and QSY7-
CA,KA,C-QSY7 are present in the final solution). This final solution
was diluted to a concentration of ~50 uM for the electrospray ionization.

The details of the experimental setup have been described
elsewhere* and only a brief description is given below. All arrival time
distributions (ATDs) were recorded using a tandem IMS instrument

coupled to a high-resolution time-of-flight mass spectrometer. It

WILEY4Q)¢

allows selection of a particular isomer after a first drift tube (DT).

Mass Spedrometry

The duration of the selection window is set to typically 500 us,
compatible with the time spread of the ion packet corresponding to
a single isomer, due to diffusion. Selected ions can then be activated
by collisions with buffer gas atoms before recording the ATD after
the second DT.*® Helium is used as a buffer gas at a pressure of 4 Torr,
at the temperature of 300 K, and with typical voltage drops across
first and second DTs of 400 V. Experimental collision cross sections
(CCSs) are determined from the evolution of arrival times as a function
of the inverse voltage across the second DT.** A quadrupole mass
filter was then used for the selection of [Rh575-CA,KA,C-QSY7]%*
and [QSY7-CA,KA,C-Rh575]%" (m/z 1039) after IMS separation.
Photo-fragmentation measurements are performed by irradiation with
a continuous wave laser (488 nm, 200 mW; Cobolt, Solna, Sweden) on
mobility- and mass-selected ions stored in the collision cell of the
instrument. The acceptor specific fragmentation yield was normalized
to the intensity of the precursor ion without laser irradiation. The
fragment ions at m/z 360 and 465 were previously identified as
specific of QSY7 electronic excitation from a previous study.>® The
transmission efficiency for the ions at m/z 360 was too low in our IMS
instrument so then only the peak at m/z 465 was used. To this end IM-MS
spectra were accumulated for several thousand steps, alternating
acquisitions with and without laser irradiation every 100 acquisition cycles.

3 | COMPUTATIONAL

Molecular dynamics simulations were performed with a parametrization
already successfully used before for charged gas-phase peptides.*>*¢ In
brief, Amber99/GAFF parameters were used (with parameters for all
considered protonation states of terminal chromophore-tagged cysteine
residues re-evaluated as given in Kulesza et al*®) employing the
GROMACS molecular dynamics simulation software (version 5.1.3).4747
A velocity-verlet integrator with time step of 0.75 fs was employed.
Temperature control was achieved by a velocity-rescaling algorithm
(time-constant 1 ps). No bond-constraints and no nonbonded-interaction
cutoffs were applied. Biased MD simulations (parallel-tempering

well-tempered metadynamics simulations, PT-WTMetaD>%51)

were
performed using the PLUMED®? code (version 2.3) plugged into
GROMACS with the gyration radius>®

and energetic refinement was done at the density functional theory

as order parameter. Structural

(DFT) level employing the dispersion-corrected B97D functional for
with an def2-SVP>° basis set for the

peptides consisting of 279 atoms.

exchange and correlation®*
For these calculations, the
Gaussian09 suite of software was used in Revision D.01.>¢ Collisional
cross sections were calculated using a local implementation of the

trajectory method by Mesleh and coworkers.>”

4 | RESULTS

4.1 | lon mobility profile reveals multi-component
gas-phase structural distribution

Figure 1a shows the full arrival time distribution (ATD) for m/z 1039,

in the absence of mobility selection after DT1. Based on the peak
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FIGURE 1 ATDs recorded for doubly charged ions at m/z 1039.
Drift conditions: 4.0 Torr helium at 300 K, drift voltage: 400 V
across 79 cm. (a) No IMS selection. The solid lines correspond to a
Gaussian fit considering four components labelled A, B, C, and D. (b-¢)
ATDs recorded after IMS selection of each of the four populations,
(black) without collisional activation, and with collisional activation
using an accelerating voltage of (blue) 80 V and (red) 120 V

width expected from the resolution of the instrument, the present
ATD cannot be attributed to a single conformational family of ions
with identical cross sections. From a tentative fit using Gaussian
functions of appropriate shape,® at least four different species co-exist.
They are labelled from A to D respective to their increasing drift time. The
corresponding experimental ®PCCSy,. values are listed in Table 1. The
ATDs (plotted as black lines in Figures 1b, 1c and 1d) are recorded after
selection of each of the above-mentioned species after separation in
DT1. The blue and red lines show the changes in these ATDs when
collisional activation is applied immediately after selection and before
injection in DT2. Activation potentials ranging from 80 to 120 V are
applied for each selected species. In the absence of activation,
the observed ATDs all display a single peak, reflecting the selected

time-window. This indicates that no spontaneous interconversion

TABLE 1 Experimental CCS values in helium at 300 K determined
for the different species isolated from the ATD of ions at m/z 1039

Population a B C D
SPCCSpe (A?) 353 373 391 405

The uncertainty on the values is estimated to be 3%.

between the different structural families is detectable under the

59-61 and further validates the identification

experimental conditions,
of the above-proposed families.

Upon collisional activation however, the different species display
different behaviors. If peak A or B is selected, increasing activation
energies result in a discrete shift of the ATD to larger drift times,
ultimately tending to a single peak, similar to peak D. Note that
activation of ions from peak B gives rise to the appearance of a small
(possibly transient) population at the position of peak A. In contrast,
no significant change is observed in the ATD when ions from peak D
are selected and activated. Finally, the activation of peak C ions do
show some change in their ATD, displaying a shoulder at a drift time
corresponding to peak D. However, this effect is observed at
activation voltages much higher than that necessary to induce
transitions from A or B. Although it cannot be excluded that some
transformation from peak C to peak D takes place (Figure 1d), it seems
likely that the observed effect results from the small amounts of peak
B ions present under peak C, due to their partial overlapping.

To summarize, according to results of the collisional activation, it
seems peaks A, B, and D can interconvert. Following this scheme,
the species in D presents some kind of final state that does not further
react once a certain threshold of activation is applied. In contrast, the
species contained in peak C do not seem to be connected to A, B or D
through reactions that can be triggered by collisional activation. The
latter statement can be further supported by the absence of
significant population at the drift time of peak C when ions are

activated from peaks A or B.

4.2 | Simulations suggests different protonation
patterns being present

In order to determine which structural families of the peptide could
contribute to the measured ion-mobility profile, we have performed
a systematic structural exploration of the gas-phase structure with
metadynamics simulations. The gyration radius of the molecules in
well-tempered metadynamics with parallel tempering (PT-WTMetaD,
see computational details) was used as a systematic exploration
method, that accelerates high-barrier crossing and gives access to
structural samples with a broad range of CCS values.®?> The method
can tune from compact to unfolded configurations with a good chance
that a configuration resembling the global minimum is sampled. With
the knowledge of the stored biasing potentials of a converged
simulation, an imprint of a free-energy profile (FEP) is accessible (in
the formulation of WTMetaD, the accessible part of the FEP at a given
temperature, to be more precise®l). We have constructed all 12
combinations of dye-tagging (N-terminal Rh575 and C-terminal
QSY7 and vice versa) and protonation patterns consistent with a 2+
charge state (see Table S1, supporting information). Convergence of
the major features of the FEP (position and shape around the global
free-energy minimum) of these relatively small systems was achieved
after 2.5 ns of PT-WTMEtaD with two replicas). The FEPs with
respect to the gyration radius for all 12 systems are given in Figure 2.
Strikingly for such a peptide, where a multitude of conformations is
expected to co-exist, only one global free-energy minimum well is

obtained. The minimum is located in all cases at low gyration radii
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300 Table S1 (supporting information) and Figure 3 together with a depiction
of the final structural models. The properties of the three lowest-energy
275 protonation states are considered (below 40 kJ/mol) which all have the
250 titrable site of the rhodamine dye protonated (see Table S1, supporting
information). It is interesting to note that it is not the charge-solvated
225 but a zwitterionic type of structure that has a good chance to be the
lowest in energy, a finding that is in line with earlier studies.>¥*3 Upon
200 explicit collision trajectory calculations, we can estimate the CCS for each

%' 175 structural prototype (predicted CCS values in Table 2).
£ The CCSs computed for the different conformers of
:? 150 [Rh575-CA,KAL,C-QSY7]%*, denoted RQ, all fall in a relatively narrow
: band centered around 375 A2 In contrast, the different protomers of
g 125 the [QSY7-CA,KA,C-Rh575]%" sequence, denoted QR, possess a
100 greater spread ranging from 363 to 401 A2 Comparison with the
experimental CCS inTable 1 suggests that population A, with the lowest
75 experimental CCS at 353 A2, is associated to the conformer with the
lowest computed CCS: species QR2 with ™CCSy, = 363 A2 Following
50 the same line, the ions from D (®PCCSy. = 405 A?) are associated with
o5 QR1 (™CCShe = 401 A?). As peak B is found to interconvert to D upon
I collisional activation, it has to display the same grafting pattern as D.

0
5 10 15 20
rGyr [AZ]

FIGURE 2 Results of Free-energy calculations. Free-energy profiles
from analyzing metadynamics simulations with the gyration radius
rgyr s order parameter. Red and black curves correspond to the two
grafting directions QRX and RQX, respectively, each assuming six
different protonation patterns (see Table S1, supporting information)

(0.6-0.7 nm) indicating that the most compact structures are
energetically preferred for each system. In contrast, no resolved
minima are evidenced in the slightly higher rgy, regime (0.7-1.0 nm)
that would correspond to (meta) stable partially unfolded systems.
This finding renders the presence of multiple conformational states
for any of the possible protonation patterns unlikely.

Force-field energetics are not designed to accurately deduce
relative energy differences of different protonation patterns.
Therefore, the structural models were refined and their energetics
estimated by DFT calculations starting from the lowest-energy
structures (after force-field optimization of all collected metadynamics

configurations). The final DFT energetics are listed in Table 2 and

TABLE 2 Main characteristics of the considered peptide topologies

Epfr ™CCShe Rpa
Species [kJ/mol] [A?] [A] K2 EFRen
RQ1 0 372 8.3 1.22 1.000
RQ2 33 381 13.5 0.49 0.998
RQ3 35 373 10.2 0.32 0.999
QR1 0 401 13.3 0.02 0.968
QR2 3 363 12.0 0.05 0.991
QR3 8 376 12.2 0.87 0.999

Eprr: energy of the optimized structure at the DFT level relative to the
lowest one for each sequence, ™CCSye: CCS value computed using the
trajectory method, Rpa: donor-acceptor separation, k% orientational factor
for FRET, Erret: theoretical FRET efficiency

The population B may then be identified to QR3, the good agreement
between the CCS further supporting the latter assignment. Moreover,
the above assignations are also in line with the results of collisional acti-
vation experiments, since the most stable among the QR protomers,
QR1, has been identified to population D, which appeared as the most
stable configuration upon the interconverting populations.

In contrast to other populations, C ions were not found to
interconvert to other peaks. This strongly suggests that C ions display
a different grafting pattern. Indeed, the CCSs computed for all RQ
protomers in Table 2 fall in a narrow CCS range compatible with the
experimental CCS for C. Although RQ1 is found to correspond with
the most stable species, the co-existence of different protomers with

close CCS, difficult to resolve, is highly probable.

4.3 | Laser excitation indicates different excitation
energy transfer characteristics within the IMS profile

Figure 4 shows the acceptor-specific fragmentation yield obtained
from photo-excitation of ions from the different population identified
for m/z 1039. Examples of associated mass spectra are given in
Figures S1 and S2 (supporting information). lons were stored in the
collision cell of the instrument after mass and mobility selection. They
were irradiated for 95 ms using a continuous wave laser at 488 nm. At
this wavelength, only the rhodamine dye significantly absorbs light.
Specific fragmentation of QSY7 then necessarily results from
excitation coupling to rhodamine. The specific fragmentation yields
shown in Figure 4 are then a measure of the strength of the coupling
between electronic excitations in the two chromophores.
Interestingly, the fragmentation yield significantly decreases as the
CCS of the selected ion increases. Namely, population D has the
highest CCS, and the lowest fragmentation yield, whereas A, with
the lowest CCS, also displays the highest photo-fragmentation yield.

This could be qualitatively interpreted as an effect of the
correlation between the compacity of the structure, and the proximity

of the chromophores, leading to better coupling between the latter.
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FIGURE 3 Structural representation of the energetically competent protomers (charge distribution depicted above and below structures) after
DFT optimization. Rh575 is colored in red, QSY7 in blue. Relative DFT energies are also given. Results of CCS calculations for these species are

given in Table 2

Such correlation was indeed previously reported in the case of FRET
measurements.>>37¢* |n the case of FRET, the coupling efficiency
between the chromophores depends in particular on the relative
position of the chromophores, through their relative distance and
orientation. The theoretical structural models (see Figure 3) were then
analyzed in terms of the average chromophore separation (average
distance, Rpa, between atoms contained in the xanthene-based
optically active unit), and the orientational factor, K2, as defined in
Kulesza et al.* The numerical results are listed in Table 2. With overall
very close separations between 8 and 13 A, FRET as model alone
(mainly a statistical rate formulation and using dipolar electronic

1,5

1,01

Acceptor soecific fragmentation yield

B C
Selected population

FIGURE 4 Acceptor-specific photo-fragmentation vyields recorded
for mobility-selected ions corresponding to the different populations
(A-D) identified for doubly charged ions at m/z 1039 (see Figure 1).
The error bars correspond to 95% confidence bands for the average
yields

couplings) is usually regarded as inadequate to describe the full
photo-physical mechanisms. Indeed, the FRET efficiencies that can
be computed for the considered structures (Table 2) are all close to
1. In particular, exchange-coupling and orbital overlap type of
interactions may lead to changes in energy transfer characteristics that
(in the case of so-called Dexter transfer, referring to a situation driven
by exchange coupling) has an exponential distance dependence. Such
a short-distance energy transfer regime has recently been exploited

through gas-phase photo-fragmentation experiments.®”

Moreover,
fluorescence self-quenching has been shown to drastically increase
photo-fragmentation yields when dyes are in close proximity.3*

In the present case, no clear correlation could be found between
the geometrical criteria for efficient FRET coupling, and the observed
excitation coupling-related photo-fragmentation yields. Especially, the
computed FRET efficiencies do not reflect the observed changes, and
do not even follow the same trend. For example, the FRET efficiency
computed for QR1 is far from being the highest among the considered
models, even if it was attributed to population A, displaying the higher

fragmentation yield.

5 | CONCLUSIONS

The present results show that the excitation coupling between
chromophores in biomolecules can be strongly affected by the protonation
pattern of the system. In particular, the unexpectedly large differences
in inter-chromophore coupling measured for species with relatively
close CCS values provide a clear signature that different tautomers
are present. The origins of such differences nevertheless remain
unclear, as no general trend can be drawn from experiments on a

specific class of systems. The observed effect may be explained in
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terms of perturbations of the optical properties of the chromophores
by close-lying charged centers. In this case, both fluorescence-based
and fragmentation-based measurements could be affected. Another
reason why particularly low fragmentation yields are observed for
certain tautomers might also be related to the possible presence of
salt-bridges, preventing from actual detachment of the moieties after
bond breaking. In the present case, the experimental observations from
action-spectroscopy and IMS measurements could be interpreted with
the help of molecular modelling. The computational cost of such an
approach would naturally dramatically increase for heavier systems, like
proteins. It is clear that no quantitative information can be extracted from
the present photo-fragmentation measurements, especially in relation to
the local structure of the investigated species. However, our results
demonstrate that, even without a full understanding of the photophysics
and relaxation dynamics in such systems, photo-fragmentation is highly
sensitive to protonation sites, and can be useful to deconvolute IMS
profiles by providing evidence for protomer coexistence. Furthermore,
this sensitivity to protonation could be used to follow charge transfer

or related conformational dynamics. This paves the way to dynamics

measurements on gas-phase proteins in line with solution
measurements.
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