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Abstract. Significant effort is being employed to utilize the inherent speed and
sensitivity of mass spectrometry for rapid structural determination of proteins; how-
ever, a thorough understanding of factors influencing the transition from solution to
gas phase is critical for correct interpretation of the results from such experiments. It
was previously shown that combined use of action excitation energy transfer (EET)
and simulated annealing can reveal detailed structural information about gaseous
peptide ions. Herein, we utilize this method to study microsolvation of charged groups
by retention of 18-crown-6 (18C6) in the gas phase. In the case of GTP
(CEGNVRVSRE LAGHTGY), solvation of the 2+ charge state leads to reduced

EET, whereas the opposite result is obtained for the 3+ ion. For the mini-protein C-
Trpcage, solvation by 18C6 leads to dramatic increase in EET for the 3+ ion. Examination of structural details
probed by molecular dynamics calculations illustrate that solvation by 18C6 alleviates the tendency of charged
side chains to seek intramolecular solvation, potentially preserving native-like structures in the gas phase. These
results suggest that microsolvation may be an important tool for facilitating examination of native-like protein

structures in gas phase experiments.
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Introduction

roteins play critical roles in the biochemistry of life. The
functionality of proteins is closely connected to their three-
dimensional structure, which is therefore an important target
for research. Within a cell, the solvent is aqueous and highly
buffered. In addition, a plethora of other biomolecules are
present in high abundance (i.e., the cellular matrix is
‘crowded’). Interactions with solvent and other biomolecules
influence protein structure; therefore, it is desirable to retain
such elements during structural characterization. Unfortunate-
ly, this goal is never achieved with complete fidelity, and
compromises must be made regardless of the experimental
technique to simplify the system for analysis.
Presently, there is significant interest in developing
mass spectrometry (MS) based methods for examining
protein structure in the gas phase because of inherent
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advantages such as speed and sensitivity [1, 2]. For exam-
ple, ion mobility (IM) can be coupled with MS to obtain
collision cross sections, yielding information about overall
molecular shape [3-8]. Collision induced unfolding has
recently proven to be valuable in distinguishing antibody
isoforms by comparing “fingerprint plots” generated by
differences in unfolding of the isoforms in an ion trap prior
to IM-MS analysis [9]. lon—ion reactions can be used to
assign charge states in very large systems [10]. It has been
demonstrated that radical fragmentation can yield informa-
tion about probable close contacts [11-17]. Various forms
of spectroscopy can also be used to obtain information on
biomolecules [18, 19]. Peptides and proteins are also ame-
nable to examination by excitation energy-transfer (EET)
where distance constraint information is obtained and used
to guide simulations toward relevant structures [20-23].
The primary drawback for all of these gas-phase methods is
that the target molecule is examined in isolation, without sol-
vent or other interaction partners. Furthermore, the molecule
must be removed from solvent and ionized (or allowed to retain
anet charge) in order to be observed. Typically this is achieved
with electrospray ionization (ESI); however, mechanistic de-
tails for ESI are not completely understood and it is unclear
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how protein structure evolves during electrospray, although
recent progress has been made [24, 25]. Ultimately, results
have been reported where native protein structure is either
retained or lost upon examination in the gas phase [26, 27]. A
bewildering number of experimental setups, conditions, and
parameters can influence retention of native-like structure;
however, one important difference between solution and the
gas phase (which cannot be avoided regardless of experimental
parameters) relates to solvation of charged functional groups.
For example, in water, charged side chains of proteins such as
lysine and arginine, or aspartic and glutamic acid, will interact
strongly with water. If the solvent were somehow instanta-
neously removed (leaving the protein naked in the gas phase),
the charged side chains would seek intramolecular solvation
and potentially disrupt the structure [28].

Previous experiments have suggested that this structural
reorganization can be prevented (or at least slowed down) if
the solvent interaction is replaced with a surrogate. It has been
well established that 18-crown-6 (18C6) interacts favorably
with protonated amino acid side chains [29-31]. The interac-
tion is strongest for lysine or the N-terminus, where three
hydrogen bonds can form between each N—H and every other
oxygen atom on the ring. The interaction is also strongest in the
absence of readily available intramolecular hydrogen bonds or
salt bridges [32]. Ion mobility results have demonstrated that
partial solvation of the side chains by 18C6 allows higher
charge states of ubiquitin to retain a more compact, native-
like fold in the gas phase [33]. It was postulated that charge
solvation by 18C6 prevented structural reorganization during
transfer into the gas phase.

In the present work, we seek to examine in greater detail
how 18C6 influences side-chain solvation and ultimately pep-
tide structure. Action-EET spectra of several microsolvated and
nonsolvated peptides are used in conjunction with molecular
dynamics simulations in order to elucidate structural differ-
ences and the role 18C6 solvation plays in the transition from
solution phase to gas phase.

Experimental
Materials

The peptide CEGNVRVSRELAGHTGY (GTP Gp) was pur-
chased from American Peptide Company (Sunnyvale, CA,
USA). CNLYIQWLKDGGPSSGRPPPS (C-trpcage) was syn-
thesized following standard solid-phase peptide synthesis pro-
cedure [34] and purified by HPLC. Propyl mercaptan (PM)
used for disulfide formation was purchased from Acros Or-
ganics (Geel, Belgium).

Peptide Modification

All peptides were modified with PM prior to use via a proce-
dure described previously [20]. Modification was followed by
lyophilization to remove all solvent before resuspension in
10:90, 50:50, or 80:20 MeOH/H,O solutions. Prior to ESI, 2—
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4uL of 1 mM 18C6 was added to the electrospray solution to a
final volume of 500 puL and sprayed without further
modification.

Photodissociation Mass spectrometry

Modified peptide solutions for action-EET experiments were
sprayed through an ESI source into a Thermo Finnigan LTQ,
which was modified to accept 266 nm Nd:YAG laser pulses
(Continuum, Santa Clara, CA, USA) into the ion trap. UV-
photodissociation experiments were performed by first isolat-
ing the ion of interest and exposing it to a single laser pulse
before scanning out. The PD yield is defined as [product
intensity/(product + precursor)] x 100. For most systems, the
loss of PM is clean, yielding one significant product. If signif-
icant additional degradation of the cysteine side chain or com-
plex occurs, this is included as well (for example, if UV
irradiation resulted in a peak corresponding to loss of propyl
mercaptan and crown, this loss would be included in the overall
PD yield). An average of 50 scans was taken to generate the
spectrum. A similar setup, used for collection of action spectra,
consists of a Thermo LTQ XL that was modified to accept laser
pulses from a Nd:YAG pumped optical parametric oscillator
(OPO) laser (Opotek Inc., Carlsbad, CA, USA) set in the range
0f 250-300 nm. Again, after subsequent isolation of the parent
ion, a single laser pulse excites ions before they are scanned
out. This process is repeated over the entire range of 250—
300 nm and yields for each of the collective spectra are calcu-
lated, also taking into account the laser power at each wave-
length for normalization to the power of our 4 mJ 266 nm
Nd:YAG. Once spectra are normalized to be representative of
yields on a 266 nm 4 mJ Nd:YAG laser, they are finally plotted
as a function of wavelength versus PD yield. A spline piece-
wise polynomial fit is used to construct solid lines in resulting
action spectra.

Simulations

Molecular dynamics (MD) were performed using
MacroModel [35] (Schrodinger Inc., Portland, OR, USA)
with OPLS atomic force fields in order to estimate disul-
fide Tyr/Trp distances. Simulated annealing was carried
out in two rounds; sampling at 1000 K was carried out to
ensure adequate coverage of the structural space, followed
by a second round of annealing at 450 K for selected
structures to probe locally accessible conformations and
better define the nearest minima. For runs at 1000 K, each
of the 1000 obtained structures begins its cycle at 300 K
with a 1.5 fs step time and 1 ps simulation time followed
by a rise in temperature to 1000 K with a 1.0 fs step time
and 10 ps simulation, then the temperature is gradually
stepped back down to 750, 500, 300, and finally 200 K
with step/simulation times of 1.5 fs and 10 ps, respective-
ly. The step and simulation times for runs at 450 K are
the same, but with the temperature ramping schedule
being 300, 450, 300, and finally 200 K.
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Results and Discussion

We have previously demonstrated that action-EET, where
energy transfers from tyrosine or tryptophan to a disulfide
bond, yields distance constraints useful for guiding simu-
lations to determine peptide structure [20-22]. Briefly, a
laser pulse causes electronic excitation of a chromophore,
which then transfers energy to a cysteine residue capped
with a disulfide bound propyl mercaptan (PM). The ener-
gy transfer leads to prompt dissociation of the disulfide
(an easily detectable mass shift) and the intensity of the
loss correlates with the distance between the chromophore
and disulfide according to an exponential decay function.
The derived distance constraint can be used to evaluate or
guide molecular dynamics calculations to identify relevant
structures.

GTP Peptide

We examined GTP (CEGNVRVSRE LAGHTGY) with
action-EET in the presence and absence of 18C6 and the results
are shown in Figure 1. GTP contains an N-terminal cysteine
and a C-terminal tyrosine. We have previously established that
energy transfer from tyrosine to a disulfide is constrained to ~6
A, meaning that fragmentation of the disulfide bond will only
be enhanced for GTP if the three-dimensional structure brings
the two termini into close proximity. The action spectrum for
the 3+ charge state of GTP (Figure 1a) decays steadily from
250 to 300 nm. As reported previously, [21] this spectrum is
consistent with minimal (though still non-zero) energy transfer
from tyrosine. Interestingly, the addition of a single 18C6 leads
to significant enhancement of energy transfer, suggesting the
two ends of the peptide are brought closer when one of the
charges is solvated. For the 2+ charge state (Figure 1b), the
reverse trend is observed. The free peptide yields an action EET
spectrum with distinctive tyrosine features (i.e., the double
peaked absorption), and the degree of energy transfer is con-
sistent with close proximity of the donor and acceptor. In
contrast, addition of 18C6 to the 2+ charge state leads to a
significant decrease in energy transfer, consistent with increas-
ing the distance between the termini. The spectra in Figure 1
clearly demonstrates that solvation by 18C6 has a significant
influence on the three-dimensional structures of both the 2+
and 3+ charge states.

We have also demonstrated previously that structural infor-
mation can be obtained from the stability of the 18C6 adducts
themselves [36]. Noncovalent interaction strength for 18C6 is a
function of both the target residue (i.e., lysine interacts more
strongly than arginine) and the potential for intramolecular
solvation (i.e., for lysine on two different peptides, if one lysine
can be easily intramolecularly solvated, it will form a less stable
adduct). The PD spectrum for [GTP + 18C6 + 2H]*" is shown
in Figure 2a. In addition to cleavage of PM, significant 18C6
loss is detected. There is also a small amount of 18C6 and PM
loss. In contrast, data for the 3+ charge state (Figure 2b) reveals
minimal loss of 18C6 relative to PM. These results suggest the
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18C6 adduct is more stable on the 3+ charge state and that the
interaction site for 18C6 on the 2+ charge state is weaker by
comparison. These results are further corroborated by other
data from the mass spectra. The relative abundance in the full
MS for the 2+ adduct relative to the 2+ peptide is 1:59, whereas
the relative ratio is 1:5 for the 3+ ion, also consistent with
greater stability for the 3+ adduct. We have also previously
demonstrated that mass shifts relative to the expected mass for
peptide/18C6 peaks result from adduct instability [36]. The
mass shift observed for the 2+ adduct is 0.5 Da compared with
0.1 Da for the 3+ adduct, again consistent with reduced relative
stability for the 2+ complex.

One thousand cycles of simulated annealing were used to
investigate potential structures for these peptides. In order to
more fully explore the structural space of these systems, an-
nealing was first carried out at 1000 K to avoid kinetic trapping
in local minima. For select structures, further simulated anneal-
ing was carried out at 450 K to allow for further structural
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Figure 1. Action-EET spectra of (@) GTP 3" (purple) versus
GTP 3*-PM + 18C6 (red) and (b) GTP 2*(purple) versus GTP
2* + 18C6 (red). Spectra are normalized to the PD yields of the
same complexes as determined using the Nd:YAG 266nm laser
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Figure 2. PD mass spectra at 266 nm for (a) GTP 2* + 18C6
and (b) GTP 3* +18C6. Insets in each spectrum show dissoci-
ation of the peptide-18C6 complex to varying degrees

refinement and evaluation of structural stability. This temper-
ature was chosen to reflect mild heating that may occur during
the electrospray process. For each charge state, all reasonable
charge state isomers were examined. In other words, any
charge state combination that yields the appropriate total
charge via deprotonation of acidic sites and protonation of
basic sites was investigated. It is important to note that com-
parison of the energetics between different classes of charge
state isomers is not meaningful in MD calculations. For exam-
ple the energies for isomers of the same peptide in protonated
(+) versus doubly protonated/deprotonated (+-+) states is not
possible because MD does not account for the possibility that
the charge separated (zwitterionic) state may not be stable.
Favorable Coulombic terms will always lead to lower energies
for the charge separated conformers; however, these structures
may not exist because of proton transfer (which is not allowed
in MD calculations). Higher level theory capable of evaluating
zwitterionic stability is not feasible for molecules of the size
examined herein. In contrast, energies within a charge state
class can be compared (e.g., single protonation at two different
sites. In addition, for 18C6 adducts, calculations were carried
out at all potential basic binding sites. In summary, a myriad of
potential structures must be generated by theory, and guidance
from experimental data is required to sort out potentially im-
portant structures.

Select results from simulated annealing for GTP 3+ are
shown in Figure 3 (the complete set of results is found in the
Supporting Information). The data are represented in scatter
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plots with the minimum distance between chromophores plot-
ted on the x-axis and potential energy on the y-axis. The degree
of structural similarity is represented in the color scale, which is
a measure of the distance between the most sequence remote
positively charged sites. After significant exploration, this in-
dicator was found to be most representative of structural diver-
sity, most likely due to the fact that charged sites considerably
influence structure in the gas phase. The approximate region
for experimentally consistent distances is shaded in blue.

The canonical way to obtain the 3+ charge state for GTP is
by protonation of both arginine residues and the histidine (i.c.,
the R¢RoH 4 charge state isomer). Results for this isomer are
shown in Figure 3a. The lowest energy structure has a Tyr/
disulfide distance of ~9 A. At this distance, no EET would be
expected, and therefore it is clear that if the RgRoH 4 charge
state isomer is populated, some fraction of the experimentally
observed ions have not rearranged to the lowest energy gas
phase structure. Similar arguments apply to the other 3+ charge
state isomers, indicating that regardless of charge state isomer,
some fraction of GTP3+ is kinetically trapped in a structure not
corresponding to the gas-phase minimum.

The experimental results for GTP3+ suggest weak EET.
There are several potential scenarios that could explain this
result. One possibility would be a structure or family of struc-
tures with donor/acceptor distances close to the EET cutoff
distance. These structures would fall within the blue bands
shown in Figure 3. Alternatively, a diverse population of
structures where most have donor/acceptor distances greater
than the EET cutoff but also including a small minority of the
structures within the EET cutoff might produce the observed
experimental results. Due to this ambiguity in the data, struc-
tures from all charge state isomers are potentially viable for
GTP 3+, and it is difficult to further narrow down the results in
this particular case. However, it can be concluded that the
experimentally observed structures do not represent the lowest
energy gas-phase conformations. Furthermore, it is still clear
from the experimental results that solvation by 18C6 influences
the structure significantly.

Selected results from simulations on GTP3+ with 18C6 are
shown in Figure 4, and the remaining results are found in the
Supporting Information. 18C6 stability (as detailed above)
suggests strong binding, making the N-terminus the most likely
binding site. The (nterm)R¢Ro and (nterm)R¢R9E oH;4 charge
state isomers, where parentheses are used to denote 18C6
binding sites, yield lowest energy isomers outside the experi-
mentally consistent region (see Figure 4a and c). In contrast,
the lowest energy structures for (nterm)E,RsRoH 4 are within
the experimentally determined energy transfer window (Fig-
ure 4b). The distribution for another conformer,
(nterm)R¢RoEoH 4, is significantly biased away from the ex-
perimentally consistent region, and simulations at 450 K indi-
cate that any kinetic barriers that might retain structures in the
experimentally consistent region are small. This charge state
isomer is, therefore, less likely to be populated.

Computational analysis of GTP2+ is stymied relative to
GTP3+ by the existence of a greater number of potential charge



J. G. Bonner et al.: Microsolvation

(a)

-2000

GTP3+RRH,,

7.700

1051

-2050 b .. 3

-2100 16.14

18.95

-2150 4

(b)

-2550

-2600

-2650 4

GTP 3+ ntermEzRGRgH

1665

7.550

10.70

-2200

Energy (kJ/mol)

-2250

-2300

(c)

-2500

Distance (Ang)

GTP 3+ ntermRSRgEmH14

TT T T T " T " T " T " T " T " T " T T T "1
8 10 12 14 16 18 20 22 24 26 28 30 32

21.76

2458

2739

30.20

5.750
-2550 sors
-2600 k0
= ~2650 + 12.72
le] .
£ 2700
~ 15.05
=
X 2750 -
> 17.37
D 2800 4 . *
0] ) . 1070
uﬁ -2850
. ' 2202
2900 s . o .
° M 2435
2950
T T L T 1 T T T T T T 1
2 4 6 8 10 12 14 16 18 20 22 24 26 28
Distance (Ang)
Figure 3.

S 27004 SRS . s . 1265
2, o wl 008t o
. I el
g -2750 4 .'. 0N l'.:: . -. ‘.“' s ""'. LI 17.00
X '«l o Sg s “-V' .~"t{ P .., . N .
~ A4 . .
> 28004 & .< oo M"i?:.", ’~.’ g e . 2015
2 iw ip ) D
[ "7.0 5’ " g o 2330
C 2850 4 -o o o L, ’
w PR L ..
oo o ’S‘ * 26.45
-2900 R GRITE
$ "*‘.
2060
-2950
LRI L S S S N I DL I B B R e |
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Distance (Ang)

Scatter plots for unsolvated GTP 3*. The range of distances consistent with experiment fit within the added transparent

blue bars. Color scale represents charge separation (i.e., the distance between the most sequence remote positively charged sites)

state isomers. The experimental data is most clear for the naked
2+ charge state, which exhibits a high level of EET and a
distinct shoulder at ~283 nm, consistent with no hydrogen
bonding or charge proximity to the tyrosine side chain. These
results are most consistent with simulations for the RgRoE ogH 14
isomer, which has a structural family with the appropriate
donor/acceptor distance that remains kinetically trapped at
450 K. Unfortunately, this ion does not reveal information
about solvation by 18C6, which is the focus of this manuscript.
It is clear the 18C6 solvated 2+ ion is significantly different in
structure; however, many possibilities from the simulations are
consistent with experiment. These results can be found in the
Supporting Information.

C-Trpcage

Trpcage is an engineered mini-protein with a well-known
structure [37]. (CNLYIQWLKD GGPSSGRPPPS, the N-
terminal cysteine is added in our experiment to enable
action-EET). Trpcage was designed to fold quickly in

water, yet previous work has shown that the 2+ charge
state retains features consistent with the native fold in the
gas phase [19, 20]. However previous work also yielded
conflicting results regarding the presence and location of
salt bridges in the 2+ structure [38, 39]. Our previous
results for the 3+ charge state revealed significantly re-
duced EET relative to the 2+ charge state. A salt bridge-
supported structure is not very feasible in the 3+ charge
state (all acidic sites become neutral, leaving no room for
counter charges); therefore, a salt bridge was suggested to
account for the difference. Interestingly, EET increases
dramatically when 18C6 is attached to the 3+ charge state,
as shown in Figure 5a. This spectrum is similar to that of
2+ unsolvated C-Trpcage (Figure 5d), and contains contri-
butions of EET from both Tyr and Trp.

Attempts were also made to examine 18C6 solvation of
the 2+ charge state; however, it was not possible to gen-
erate a stable 18C6 adduct for the 2+ charge state. This is
consistent with previous results where it was shown that
the presence of salt bridges interferes with the formation of
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18C6 adducts [32]. However, this interference would be
expected if either the N-terminus or lysine residue was
involved in salt bridges.

Simulated annealing of C-Trpcage was carried out at 450 K
starting from the known solution-phase structure in order to
mimic the process occurring during gentle electrospray. Inter-
estingly, the naked 3+ ion is kinetically trapped under these
conditions with fairly short Tyr/disulfide distances (the vast
majority are <6 A, see Supporting Information S6). At first
glance, these results appear to be inconsistent with the exper-
imental data; however, closer inspection of the relevant struc-
tures reveals that the protonated N-terminus is placed directly
in between the tyrosine residue and the PM-modified cysteine
(see Figure 6a). Placing a charged group directly between
donor and acceptor would be expected to significantly interfere
with EET. Therefore, even though the Tyr/disulfide distances
from calculations are short, they can be reasonably considered
to be consistent with the experimental data. These results
suggest that the location of charged groups should be taken
into consideration for analysis of EET experimental data.

Simulated annealing on solvated C-Trpcage was explored
by placing 18C6 on all three protonated sites (Supporting
Information S6). Solvation of lysine and arginine yields struc-
tures where the protonated N-terminus remains located be-
tween the disulfide bond and the tyrosine residue, similar to
the structure of the unsolvated system. In addition, the arginine
solvated structures are significantly higher in energy, and the
experimentally determined strength of 18C6 binding is not
consistent with attachment at arginine. Therefore, binding at
arginine is unlikely. Interestingly, a structural family with
experimentally consistent donor/acceptor distances for both
tyrosine and tryptophan was identified for 18C6 bound to the
N-terminus (Figure 5b). These structures are within 20 kJ/mol
of the lowest energy structures that were found by low temper-
ature annealing and are lower in energy than any structure
found by high temperature annealing (Figure Sc and
Supporting Information S5). Examination of the structures
within this family reveals that solvation by 18C6 replaces the
intramolecular hydrogen bonding that drives the protonated N-
terminus between the tyrosine and disulfide in the unsolvated
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Figure 6. (a) Unsolvated C-trpcage 3* structure. (b) C-trpcage 3+ crown structure solvated at N-terminus. Note inverted orientation
of protonated N-terminus relative to tyrosine and tryptophan. Lysine, aspartic acid, and arginine residues are highlighted in pink

whereas tryptophan and tyrosine are denoted in orange
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structure (Figure 6b), which should restore energy transfer
efficiency. Collisional activation of 3+ C-Trpcage-18C6 yields
primarily unsolvated 3+ C-Trpcage, but also some of the
unsolvated 2+ ion. Action-EET on the 3+ ion formed by CID
yields nearly identical results to those for 3+ C-Trpcage sam-
pled directly (Supporting Information S7). These results are
consistent with the proposed structures because simple rotation
of'the N-terminus after loss of 18C6 would yield the unsolvated
structure. Furthermore, loss of 18C6 from lysine or arginine
would not be expected to result in a significant energy transfer
change, further supporting the conclusion that these sites are
not where 18C6 attaches to C-Trpcage. Another interesting
result from these CID experiments is that action-EET of the
2+ ion formed by 18C6 loss from C-Trpcage 3+ also shows
nearly identical energy transfer efficiency to the unsolvated 2+
ion when sampled directly (Supporting Information S8). Given
that abstraction of a proton from the N-terminus (or even Lys)
would not be expected to restore the Lys-Asp-Arg salt bridge
for the newly formed 2+ ion, it is possible that retention of the
salt bridge is not necessary for Trpcage stability as previously
reported.

Conclusion

These experiments demonstrate that 18C6 microsolvation does
influence gas-phase structure. Many of the systems examined
herein are clearly not consistent with global gas-phase minima,
suggesting that significant kinetic trapping occurs during the
electrospray process. Solvation of available charges by 18C6
reduces the need for intramolecular solvation (and the structur-
al changes that accompany it) upon solvent removal. Given that
these results were obtained on small systems, which are most
prone to structural rearrangements [40], it is likely that
microsolvation will similarly stabilize native-like structures in
larger proteins, as suggested previously [33].
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