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Abstract

The effects of water on electron capture dissociation products, molecular survival, and recombination
energy are investigated for diprotonated Lys-Tyr-Lys solvated by between zero and 25 water
molecules. For peptide ions with between 12 and 25 water molecules attached, electron capture results
in a narrow distribution of product ions corresponding to primarily the loss of 10-12 water molecules
from the reduced precursor. From these data, the recombination energy (RE) is determined to be
equal to the energy that is lost by evaporating on average 10.7 water molecules, or 4.3 eV. Because
water stabilizes ions, this value is a lower limit to the RE of the unsolvated ion, but it indicates that
the majority of the available RE is deposited into internal modes of the peptide ion. Plotting the
fragment ion abundances for ions formed from precursors with fewer than 11 water molecules as a
function of hydration extent results in an energy resolved breakdown curve from which the
appearance energies of the by*, yo*, z,**, ¢o™, and (KYK + H)* fragment ions formed from this peptide
ion can be obtained; these values are 78, 88, 42, 11, and 9 kcal/mol, respectively. The propensity for
H atom loss and ammonia loss from the precursor changes dramatically with the extent of hydration,
and this change in reactivity can be directly attributed to a “caging” effect by the water molecules.
These are the first experimental measurements of the RE and appearance energies of fragment ions
due to electron capture dissociation of a multiply charged peptide. This novel ion nanocalorimetry
technique can be applied more generally to other exothermic reactions that are not readily accessible
to investigation by more conventional thermochemical methods.

Introduction

Upon capture of an electron, gaseous multiply charged peptides or proteins can dissociate via
many different pathways, producing a rich fragmentation spectrum from which extensive
sequence information and locations of posttranslational modifications can be determined. The
captured electron can be originally free (ECD)l'4 or can be transferred by collisions with atoms
(ECID)5v6 or anions (ETD).7’8 These three methods produce similar fragments from multiply
charged peptides and proteins and have found application in “top-down” proteomics where an
entire protein or a substantial fraction of a protein is directly sequenced by tandem mass
Spectrometry.4

Many other mass spectrometry based sequencing methods activate protonated peptides or
proteins by collisions either with gases, surfaces, or photons, and typically cleave amide
backbone bonds to form “b” and *y” type ions.? In contrast, electron capture (EC) based
methods typically cleave N-C, backbone bonds to form “c” and “z” type ions,2 although “b”
and “y” type ions can be produced as well.10:11 The mechanisms for b and y type ions formed
by activating protonated peptides and proteins have been extensively studied using a wide
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variety of different methods, including thermochemical12-14 and spectroscopic methods, 1>

and are thought to be relatively well understood.®:17-20 |n contrast, mechanisms for
formation of “c” and “z” tﬁ)e ions by ECD have been more controversial and are still the subject
of heated debate.1-3.21- Among the proposed mechanisms are capture of the electron by a
protonated nitrogen followed by h\zldrogen-atom transfer to a nearby carbonyl oxygen and
subsequent nonergodic cleavage;2 capture of the electron at an amide group and abstraction
by the resulting amide “superbase” of H* from a nearby protonated moiety, followed by facile
N-C, cleavage;26 and a “radical cascade” mechanism in which electron capture at a protonation
site leads to initial H-atom transfer, which is followed by iterative loss of neutral fragments.
3ECD spectra can change with initial ion temperature, suggesting that ion conformation can
influence the observed products,33’34 consistent with recent results which showed that ECD
spectra of different ubiquitin conformers with the same charge state, separated by differential
ion mobility, differ.3°

One of the most important factors that affect observed ion fragmentation is the energy deposited
by a particular ion activation technique. It has been estimated that the recombination energy
(RE) when a free electron combines with a multiply protonated peptide or protein is roughly
4-7 eV.1,2:36 Some or all of this energy may be deposited into internal modes of the peptide
or protein ion to form the resulting fragment ions. An important advantage of ECD is that large
proteins can be fragmented even though the RE is relatively small compared to the thermal
energy of a large protein at room temperature. This phenomenon has been attributed to
nonergodic dissociation in which the RE is localized and contributes to bond cleavage before
energy randomization occurs.122 1t has also been attributed to very low activation barriers for
formation of product ions from the reduced precursor so that statistical dissociation is prompt
even atroom temperature.27 Data from many experiments and %uantum chemical calculations
have been obtained that support one or the other mechanism.1-3,21-30

A significant obstacle to better understanding how ions are formed in ECD is the difficulty in
obtaining thermochemical information about these reactions. Experimental methods, such as
blackbody infrared radiative dissociation (BIRD%,lZ'14 high-pressure drift cell experiments,
37 energy resolved surface induced dissociation, 8,39 or guided ion beam mass spectrometry,
40,41 have been used to measure activation energies for biomolecule dissociation reactions
that are endothermic and have provided important information about the mechanisms by which
many endothermic reactions occur. However, these methods cannot be applied directly to
exothermic reactions, such as ECD. Some dissociation experiments on intact reduced
precursors have been performed,22’42!43 but no thermochemical information has been
obtained. An alternative approach to investigating ion thermochemistry is to use quantum
chemical calculations, which have been done on small model systems and provide useful
insights into ECD dissociation.21:23-29 However, high-level quantum chemical calculations
have not been applied to multiply protonated peptides or proteins investigated by experimental
methods owing to the large size of these molecules.

Recent ion nanocalorimetry experiments have been used to measure the RE when an aqueous
nanodrop containing a metal ion is reduced by a thermally generated electron in the gas phase.
44-48 | brief, when an electron is captured by a charged nanodrop, the RE can be deposited
into internal modes of the nanodrop resulting in the evaporation of water molecules. The value
of the RE can be obtained from the sum of the threshold dissociation energies for the maximum
number of water molecules that are lost from the cluster. A more accurate measure can be
obtained from the average number of water molecules lost combined with estimates of the
translational, rotational, and vibrational energy partitioned into the evaporated water
molecules.*® This method has recently been used to measure absolute reduction energies of
gaseous nanodrops that contain different redox active 'species.4€’v47 These measured values
can be related to bulk solution to obtain absolute reduction potentials. By comparing these
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absolute reduction potentials obtained from gas-phase measurements to relative
electrochemical potentials measured in aqueous solution, an absolute potential for the standard
hydrogen electrode of 4.2 + 0.4 VV was obtained.46

Here, this nanocalorimetry approach is used to obtain thermochemical information, including
appearance energies and relative entropies for fragment ions formed by ECD of the
diprotonated peptide Lys-Tyr-Lys (KYK) and of this ion with up to 25 water molecules
attached. These experiments provide the first experimental measure of the RE for electron
capture by a diprotonated peptide and also provide a novel route to establishing appearance
energies of different fragments, including b, y, ¢, and z type ions, as well as loss of an H atom
from this peptide, despite the fact that EC by the unsolvated peptide ion is exothermic. Finally,
the reactivity of the peptide is influenced by the water molecules through a “caging” effect,
which increases survival of the intact molecule and significantly reduces H-atom loss, but
makes loss of an ammonia molecule a competitive process.

Experimental Section

ECD experiments are performed using a 2.75 T FT/ICR mass spectrometer equipped with a
nanoelectrospray ion source and a temperature-controlled ion cell. This instrument is described
in detail elsewhere.48-90 A copper jacket that can be cooled using a regulated flow of liquid
nitrogen surrounds the ion cell and is equilibrated to a temperature of -140.0 °C for at least 8
h prior to experiments. lons are generated by nanoelectrospray using borosilicate capillaries
that are pulled to ~1 um inner diameter at the tip and filled with a 10 «M aqueous solution of
Lys-Tyr-Lys (99%, Sigma Chemical Co., St. Louis, MO), into which a platinum electrode is
inserted. lons are accumulated for 3-10 s in the ion cell during which time nitrogen gas is pulsed
into the vacuum chamber to a pressure of ~10-® Torr to enhance trapping and thermalization
of the ions. Trapping plate potentials are 9.2 and 10.0 V (source side and far side, respectively)
and are lowered to 2.0 V for ion excitation and detection. These trapping conditions were found
to maximize total ion abundance following ECD in this instrument. %8 The trapped ions are
allowed to thermalize during a 5 to 12 s period, during which time the ion cell pressure returns
to <5 x 1072 Torr. lons of interest are isolated using stored waveform inverse Fourier transform
(SWIFT) techniques.

Electrons are thermally generated using a 1.0 cm diameter barium-scandate impregnated
cathode (HeatWave Laboratories, Watsonville, CA) mounted axially 20 cm away from the cell
center. The cathode is heated to a temperature of ~950 °C using a 3 A direct current. Following
a 50 ms delay after ion isolation, electrons are introduced into the cell by pulsing the cathode
housing potential from +10.0 to -1.5 V for 120 ms. In BIRD experiments, the cathode housing
potential was maintained at +10.0 V to prevent electrons from entering the cell. In all
experiments, a potential of +9.0 V was applied to a copper wire mesh mounted 0.5 cm in front
of the cathode. All potentials are referenced to instrumental ground. For both ECD and BIRD
experiments, a 500 us delay precedes ion excitation and detection.

Sustained off-resonance irradiation collisionally activated dissociation (SORI-CAD)
experiments are performed using a 9.4 T FT/ICR mass spectrometer with a nanoelectrospray
ion source.>1 Singly protonated KYK is generated directly by nanoelectrospray as described
above. lons are accumulated in a hexapole trap for 0.5 s, injected into the ion cell, where
trapping is enhanced by pulsing in nitrogen gas for 0.2 s. (KYK + H)* is then isolated using
SWIFT techniques and excited using a single frequency waveform (4.0 V peak-to-peak, -1500
to -1700 Hz offset, 0.1 s duration), which results in maximum laboratory-frame translational
energies of 2.1-2.7 eV. Nitrogen gas is pulsed into the cell during the excitation and is followed
by a 2.7 s delay before ion excitation and detection.
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lon abundances were obtained by subtracting the average noise in a ~30 m/z signal-free region
near the precursor. In ECD experiments, the average number of water molecules lost from the
reduced precursor was calculated as the weighted average of reduced product cluster
abundances (including abundances of the reduced precursor that has lost both small neutral
species and water molecules). A correction for background dissociation due to BIRD resulting
from radiative emission from the surrounding copper jacket and from the heated cathode was
estimated as the water loss observed from the precursor ion when no electrons are introduced
into the cell;#3 this correction (~0.1 water molecules) was subtracted from the average water
molecule loss.

Molecular mechanics was used to identify candidate low-energy structures of (KYK +
2H)2*, (KYK + 2H)(H ,0)10%*, and (KYK + 2H)(H,0),5%* using conformational searching
with MacroModel 8.1 (Schrédinger, Inc., Portland, OR). Two separate 10 000-conformer
Monte Carlo searches were performed for each ion with either the MMFFs or OPLS force field
using unconstrained geometries. Calculations with each force field resulted in at least 1000
structures within 50 kJ/mol of the lowest-energy structure.

Results and Discussion

Formation of Hydrated lons

With electrospray ionization, hydrated ions can be formed by evaporation of water molecules
from even more extensively hydrated ions or by condensation of water molecules onto bare or
minimally solvated ions in the supersonic expansion that takes place in the ESI interface.”2 A
typical electrospray mass spectrum of KYK formed from aqueous solution and introduced into
the mass spectrometer under conditions where the peptide ion should remain hydrated49 is
shown in Figure 1a. The distribution of solvated ions, (KYK + 2H)(H,0),, 2* depends on a
number of experimental parameters, including the temperature of the heated metal inlet
capillary and voltages applied to the skimmers and lens elements in the ESI interface. The
distribution of ions can be shifted to lower or higher hydration extents by changing these
parameters (Figure 1b). Because the ions are stored for 5 to 12 s prior to ion isolation and
subsequent ECD experiments, the precursor ions should achieve a steady state internal energy
distribution determined by the temperature of the copper jacket that surrounds the ion cell. This
process occurs both by radiative absorption and emission, as well as by evaporative cooling in
the cell.50,93,54

Fragmentation Pathways

Many different ions are formed upon ECD of hydrated (KYK + 2H)2*, and fragment ion
identities are assigned based on known peptide fragmentation pathways and logical neutral
loss pathways. The observed dissociation pathways are summarized in Scheme 1. In detail, for
the diprotonated molecular ion of KYK, ECD results in formation of b,* with a 65% abundance
normalized to the total ECD product ion abundance, (b, - NHz)* 3)* (7%), (a2 - NH3)™ (10%),
yo * (8%), and (z »* - COOH)* (11%). The abundances of these ions decrease with increasing
precursor hydration, and new ions appear (Figure 2, data for n = 1 and 8 shown). For example,
ECD of (KYK + 2H)(H,0), 2* results in formation of (KYK + 2H)** (m/z 439, 2%), (KYK +
2H - NH3)** (2%), (KYK + H)* (21%), (KYK + H - H,0)* (3%), (KYK + 2H - tyrosine side
chain - H)** (m/z 331, 9%), ¢, * (52%), and z, ** (8%), and (z, * - COOH)* (3%). No hydrated
species are observed upon EC of precursor ions with fewer than 10 water molecules attached,
indicating that all water molecules are lost either from the reduced precursor itself or from the
product ions. Loss of water from the reduced precursor should occur with a negligible reverse
activation barrier and should occur via a “loose” transition state, making it an entropically
favored process.
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The change in fragmentation behavior with increasing hydration can be largely attributed to a
smaller fraction of the RE that is available for forming peptide fragment ions due to the energy
necessary to evaporate the water molecules, i.e., energy that goes into evaporating water
molecules from the reduced precursor ion is not available to form fragment ions that have
significant activation barriers. With increasing hydration, the RE upon EC should decrease
owing to increased charge solvation. These combined effects result in decreased internal energy
available to fragment the reduced precursor as the extent of hydration increases. Changes in
structure induced by hydration may also contribute to the changing fragmentation, including
solvent “caging” effects, 5 which appear to be significant for the larger clusters and influence
the fragmentation (vide infra).

Fragment ions resulting from the EC process can be formed directly from the reduced precursor
or by one or more consecutive reactions. Whether some ions formed by EC of (KYK +
2H)2* occur from consecutive dissociation can be established from the abundances of these
ions as a function of hydration extent (Figure 3). For example, the abundances of the m/z 438,
420, and 364 ions as a function of n are shown in Figure 3a. The abundances of the m/z 420
and 364 ions are larger at small n but decrease with a concomitant increase in the abundance
of the m/z 438 ion. This suggests that the m/z 420 and 364 ions are formed from the m/z 438
ion, consistent with assignment of these three ions as (KYK + H - H,0)* (KYK + H - lysine
side chain - H)*, and (KYK + H)™, respectively. Products of subsequent dissociation of (KYK
+ H)* are preferentially formed at lower n, corresponding to higher internal energies. Similar
results are obtained for the m/z 439, 422, and 331 ions, and these ions are assigned as (KYK
+ 2H)**, (KYK + 2H - NH3) **, and (KYK + 2H - tyrosine side chain - H)**, respectively
(Figure 3b), although the possibility that the m/z 331 ion comes from (KYK + H)* cannot be
completely ruled out from this analysis. However, collisional dissociation of (KYK + H)*
(vide infra) does not result in the formation of m/z 331 ions, strongly suggesting that it is formed
instead from (KYK + 2H)**. The m/z 249 ion appears at lower n than the m/z 294 ion, consistent
with loss of COOH from z, ** (Figure 3c). From similar analysis of each fragment ion, the
ECD reaction pathways (Scheme 1) are established for (KYK + 2H)?*.

Energy Resolved Primary Fragmentation

The abundances of fragment ions produced by EC of (KYK + 2H)(H,0), 2* 2 n normalized
to total ECD product ion signal as a function of n are shown in Figure 4. In this Figure, the
abundances of product ions formed by consecutive dissociation (Scheme 1) are added to the
abundance of the respective intermediate fragment to make more clear the primary reaction
pathways originating either from the intact reduced precursor, (KYK + 2H)+s,0r the reduced
precursor that has lost an H atom, (KYK + H)’“.56 These data show clear trends in the
appearance and disappearance of fragment ions with increasing cluster size. Both b, * and
y» * decrease with a concomitant increase in (KYK + H)* with increasing n. The (KYK +
H)* ion reaches a maximum around n = 2 or 3 but is not observed at n > 11. The abundance of
z, ** initially increases and then decreases with increasing n, reaching a maximum at n = 2,
and it is not observed at n > 7. The ¢, * ion is observed between n = 2 and 10, reaching a
maximum in relative intensity around n = 6. Note that the high normalized abundance of the
¢, * ion over this region contributes to the asymmetry of the (KYK + H)*, z, **, and (KYK +
2H)** normalized abundance curves. The trend in ion formation as a function of hydration
extent can be directly related to formation energies; ions formed at lower n have higher barriers
to formation than those preferentially formed at higher n.

A b type ion can be readily formed from activated (KYK + H)*, but it could also potentially
be formed by subsequent dissociation of a corresponding ¢ ion by loss of NH3. However, the
decrease in b, * abundance before significant increase in ¢, * abundance with increasing n
indicates that b, * is not formed by dissociation of ¢, *. To provide additional evidence that
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the b, * is formed by dissociation of (KYK + H)*, singly protonated molecular ions were
formed directly by ESI and dissociated using SORI-CAD at two different maximum collision
energies (Figure 5). The ratio of by * and y, formed by SORI-CAD is comparable at both
energies and is similar to that observed in our ECD experiments of (KYK + 2H)Z* and this ion
with one water molecule. However, the abundances of these ions increase relative to that of
(KYK + H - H,0)* with increasing collision energies, indicating that the b, * and y, * ions
have higher formation energies but their formation is entropically favored over loss of a water
molecule. These results are entirely consistent with the ECD experiments where water
molecule loss from the (KYK + H)* occurs preferentially over b, * and y,* formation at higher
n, corresponding to lower internal energies (see Figures 3 and 4).

Recombination Energy

A measure of the internal energy deposited into a hydrated ion can be obtained from the number
of water molecules lost from the reduced precursor ion.44-48 Water molecule retention by b,
Y, ¢, or z type fragment ions (or any of their subsequent dissociation products) is not observed
for any of the precursors in this study, and no fragment ions with water molecules attached are
observed for n < 10. However, one or more water molecules are retained by the reduced
precursor or reduced precursor that has lost a hydrogen atom for n > 10. The distribution of
hydrated ions is quite narrow. For example, product ions resulting from EC of (KYK + 2H)
(H,0)n2*, n = 20 and 25, are shown in Figure 6a and b, respectively. Predominantly loss of
10, 11, and 12 water molecules occurs from these reduced precursors. The width of this product
ion distribution can be attributed to partitioning of the recombination energy resulting from
electron capture into rotational and translational energy of the departing water molecules, as
observed in previous ion nanocalorimetry studies.#6 Minor product ions corresponding to both
hydrogen atom and ammonia loss, both accompanied by water loss, are observed. These minor
dissociation channels can be attributed to a water caging effect and will be discussed in more
detail subsequently. The weighted average of the number of water molecules determined from
the abundances of these product ions is 10.9 and 10.8 for n = 20 and 25, respectively.

From the distribution of ions that retain one or more water molecules, the average number of
water molecules lost from the reduce precursor or the average number of water molecules
retained by the reduced precursor can be obtained as a function of n. The abundances of
hydrated precursor ions that have lost NHs or H are included in this analysis. These data are
shown in Figure 7. For n = 10, the combined abundance of the solvated ions is only 4% of the
total ECD product ion signal, whereas solvated ions are 74% of the overall ECD product ion
signal for n = 12, and only hydrated ions are observed for n > 14. The average number of lost
water molecules increases with n and reaches a plateau of ~10.8 for n > 12 (Figure 7). The
average number of water molecules retained by the reduced precursor (including reduced
precursor that has lost NHz or H) is zero for n < 10 but increases linearly with size for n > ~11.
Fitting these data to a straight line (R? = 0.999) results in an x-intercept value of 10.7, consistent
with the observed plateau in the average number of water molecules lost upon EC (10.8). This
value of 10.7 corresponds to the cluster size at which the energy of evaporative cooling of an
equivalent number of water molecules is equal to the RE that is deposited into these ions.

Recent experiments done on this instrument indicate that the internal energy deposited into
hydrated ions upon EC depends on neither the cathode voltage nor electron irradiation time
under the conditions used in these experiments, although some ion activation as a result of
inelastic ion-electron collisions does occur at longer irradiation times.#8 lon excitation can
occur with higher energy electrons or in some instruments employing multipass setups.
57-59 BIRD also occurs in these experiments as a result of radiative emission from the
surrounding copper jacket and from the heated cathode, but the results are corrected for this
effect using data obtained when electrons are not introduced into the cell. EC is most efficient
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when the relative velocity between an ion and an electron is zero. For example, the EC cross
section for D*(D,0); increases by about 3 orders of magnitude when the ion-electron center-
of-mass-frame kinetic energy decreases from 0.01 to 0.001 eV.60 The spread of electron
velocities in these nanocalorimetry experiments is broad, owing both to effects of varying
electrostatic potentials inside the cell and to electron-electron repulsion resulting from the high
electron currents used in these experiments. In addition, inelastic ion-electron collisions that
do not result in electron capture can result in lower electron kinetic energies. These factors
could result in a small fraction of electrons with near-zero kinetic energy inside the ion cell,
and these electrons should be the ones most efficiently captured in these experiments.

To obtain an estimate of the internal energy deposition from the number of water molecules
lost from the reduced precursor ions, the threshold dissociation energies for loss of each water
molecule must be known. These values have not been measured, but estimates of these values
can be obtained from water binding enthalpy measurements for similar small protonated
peptides. For example, Bowers and co-workers have measured the individual water binding
enthalpies of up to four water molecules to different protonated peptides and analogous
molecules.61,62 They found that these values are lower when the protonation site is involved
in intramolecular hydrogen bondmg, 1,62 35 should be the case for the reduced precursor in
this study. From these measurements, we estimate that the water binding energies to the singly
charged reduced precursor in our experiments are roughly 9.5 and 8.5 kcal/mol for the first
and second water molecule, and 7.5 kcal/mol for all additional water molecules. By
comparison, the binding energy of a water molecule to a neutral water cluster is calculated to
be 7.5-8.2 kcal/mol for n = 10-25 usmg a discrete implementation of the Thomson liquid drop
model for an uncharged cluster. 63 The threshold dissociation energies are lower than the
binding enthalpies, but some eneagg/ also partitions into translational and rotational modes of
the evaporating water molecules.*® In sum, we estimate that the energy removed from the
reduced precursor by an evaporating water molecule is ~1.5 kcal/mol higher than the binding
energles in these experiments based on calculations for similar size hydrated metal ion clusters,

6 that is, the energy removed is approximately 11 kcal/mol for the last water molecule, 10
kcal/mol for the second to last, and 9 kcal/mol for each additional water molecule. Sequential
loss of individual water molecules is entropically favored over loss of water clusters, although
we cannot eliminate the possibility that the latter occurs. However, both the narrow hydrated
product ion distribution and the excellent agreement between results from nano-calorimetry
experiments with redox active species and reduction potentials in solution®® indicate that water
loss occurs sequentially.

Using these binding energies combined with estimates of energy partitioning, the RE
determined from the equivalent of 10.7 water molecules is 11 + 10 + 9 x 8.7 = 99 kcal/mol
(4.3 eV). Because solvent and molecular reorganization occur on a time scale much faster than
these e>(<3per|ments the measured RE reflects the reorganization energy and is an adiabatic
value.46:47 This value is W|th|n the range of values between 4 and 7 eV that have been
estimated previously, 1,2,36 puyt this value has neither been measured nor calculated for
multiply protonated peptides or proteins. The RE obtained from these measurements is for
hydrated precursor ions with between 10 and 25 water molecules and is remarkably constant
over this range in cluster size, indicating that significant charge solvation occurs for even
smaller clusters. The RE is expected to be somewhat larger for precursor ions with fewer water
molecules owing to the effects of charge solvation by the water molecules, so the value of 4.3
eV represents a lower limit to the RE of the unsolvated precursor. These results do show that
the vast majority of the RE is deposited into internal modes of the reduced precursor, consistent
with EC results obtained from extensively hydrated calcium dications.#

The RE of the diprotonated peptide is equal to the ionization energy of a hydrogen atom plus
the hydrogen atom affinity of the singly protonated peptide, less the proton affinity of the singly
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protonated peptide. The protonation sites and the surrounding molecular environments in the
diprotonated peptide differ, and these two protonation sites may be expected to have slightly
different intrinsic proton affinities. The distribution of hydrated ions with n> 12 resulting from
EC indicates that the energy deposition is very narrow, and the width of this distribution can
be largely accounted for by the distribution of kinetic and rotational energy of the evaporating
water molecules, indicating a single RE value despite the presence of two different protonation
sites. The presence of 12 or more water molecules on the diprotonated peptide reduces the
intramolecular solvation of the charge compared to the unsolvated ion (vide infra) and may
make both proton sites more equivalent.

Fragment Formation Energies and Entropies

Breakdown curves, in which fragment ion abundances are plotted as a function of a measure
of internal energy deposition, e.g., center-of-mass collision energies in collisional activation
experiments, are useful for determining information about activation energies for endothermic
reactions.38:39,64 contrast, EC reactions are exothermic by a value corresponding to the
difference in the recombination energy and the stabilities of the products. Owing in part to the
fact that the recombination energy is often greater than any activation barriers for product
formation, no experimental measurements have been made on the barriers for ECD product
ion formation for reduced peptides.

From the EC data of the unsolvated and hydrated precursor ions as a function of n, estimates
of appearance energies (AE) and relative entropies for forming various ECD product ions can
be obtained in an analogous manner to more conventional energy resolved experiments for
endothermic reactions. The evaporation enthalpies for the loss of water molecules can be used
to establish an energy scale. The “zero” on this scale corresponds to the cluster size where the
energy required to evaporate all of the water molecules equals the recombination energy. This
cluster size can be obtained by extrapolating the average number of water molecules lost from
more highly solvated ions that retain water molecules to zero water retention. As described
above, extrapolating these data for n > 11 results in a value of 10.7 water molecules.

With a “zero” energy on the breakdown curve established for n = 10.7 (Figure 7), the internal
energy of the reduced precursor increases with decreasing n, with the difference in internal
energy determined by the energy taken away by evaporating each water molecule from the
cluster. This energy scale, which is superimposed in Figure 4, makes it possible to establish
an AE for forming each product ion. For example, ¢, * is observed even at n = 10, for which
cluster size some (KYK + 2H)(H,0) * is also observed. This places the appearance energy for
forming ¢, * as competitive with the energy required for evaporating this last water molecule
from the reduced precursor. Because loss of a water molecule occurs with a “loose” transition
state, it is entropically favored over rearrangement reactions. This establishes an approximate
energy for formation of the ¢, * ion as 11 kcal/mol (0.5 eV), the energy required to evaporate
the last water molecule. An upper limit to the formation of this and other ions can be calculated
using eq 1:

AE=RE - )" E, 0

where XE,, is the total energy removed by lost water molecules. This establishes an upper limit
to the energy for formation of the c, * ion of about (99 - [10 + 9 x 8]) = 17 kcal/mol (0.7 eV).
Similarly, z, ** ions are observed for n = 6 but not 7 placing the minimum energy required for
formation of the z, ** ion as comparable to the difference of the RE and the energy taken away
by the loss of 6 water molecules, or (99 - [11 + 10 + 9 x 4]) = 42 kcal/mol (1.8 eV). The
preferential formation of z, ** ions over ¢c,* ions at higher internal energy despite its higher
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appearance energy indicates that formation of the z, ** is entropically favored over formation
of ¢, *. Moreover, the fact that formation of these ions depends on available internal energy is
consistent with these ions being formed by a statistical process. Quantum calculations for
cleavage of the N-Ca backbone bond of a model reduced peptide, N,-glycylglycine amide
radical cation, indicate formation energies for competing ¢ and z type ions of 16 and 29 kcal/
mol, respectively.27 The agreement between these quantum chemical values and the measured
appearance energies for formation of ¢, * and z, ** from KYK is very good, given the
uncertainty in the measured values (1 water molecule or ~9 kcal/mol) and likely structural
effects due to the different ions investigated.

Formation of the b, * ion appears 8 water molecules above the “zero” corresponding to an
appearance energy of (99 - [11 + 10]) = 78 kcal/mol (3.4 eV), making it a significantly higher
energy dissociation process than formation of either ¢, * or z, **. This energy is higher than
typical threshold dissociation energies to form many b ions from other protonated peptides and
proteins.12'14’38*39 The abundance of y, * tracks that of b, * indicating its appearance energy
is only slightly higher (88 kcal/mol), but its formation entropy is similar. In addition, the
recombination energy of an unsolvated ion should be higher than that with 10 water molecules
attached so this value should be a lower limit to the appearance energy. The high appearance
energy may be due to significant stability of the intermediate (KYK + H)* ion, the low initial
internal energy of the cold ions in this experiment, or it could be that the H atom that is lost
from the bare or minimally solvated reduced precursor carries away a significant amount of
the available RE. The process for H-atom formation and temperature effects are currently under
investigation. The energetic information deduced from these nanocalorimetry experiments for
ECD of (KYK + 2H)(H,0),, 2* is summarized in Figure 8.

Solvent Caging

Internal hgdrogen bonding has been implicated in the formation of c and z ions in ECD spectra.
1,30,33,65 Recent ECID results on small di- and tripeptides indicate that retention of the H
atom by the reduced precursor ion increases with molecular size suggesting that intramolecular
solvation plays a role in reducing H-atom loss, consistent with results for ions with methanol
molecules attached that also result in increased abundance of the intact reduced precursor.55
No correlation between H-atom loss and formation of c or z ions was observed in the ECID
experiments suggesting that ionic hydrogen bonding and charge solvation does not play a role
in forming these ions.

To determine the extent to which the protonation sites in the unsolvated (KYK + 2H)2* form
intermolecular hydrogen bonds to other polarizable atoms, conformational searching using
both the MMFFs and OPLS force fields was performed. Many low-energy structures were
identified (at least 1000 within 50 kJ/mol of the lowest-energy structure for each ion) and a
representative low-energy structure identified in this search is shown in Figure 9 (top). In
almost all the low-energy structures found for the bare ion, the protonated amines each form
one or more hydrogen bonds to polarizable atoms in the peptide, either the N-terminus (not
protonated in these calculations, but similar binding motifs are possible if protonated), a
carbonyl oxygen of the backbone, or the hydroxyl oxygen or phenyl ring of tyrosine. Of the
280 structures identified within 30 kJ/mol of the lowest-energy structure, only 7 exhibita lysine
side chain not involved in hydrogen bonding, and all 7 of these structures are at least 26 kJ/
mol higher in energy than the lowest-energy structure. These results strongly indicate that both
protonation sites in the diprotonated peptide participate in intramolecular hydrogen bonding
at the temperature of the ECD experiments (-140 °C).

Low-energy structures for the diprotonated peptide with 10 and 25 water molecules are shown
in Figure 9 (middle and bottom, respectively). These structures are representative of the types
of structures that may be present in this experiment and provide insights into how water
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organizes around this ion. In the structure with 10 water molecules, 6 water molecules attach
directly to the protonated nitrogens, completely solvating both charge sites. The remaining 4
water molecules hydrogen bond to other water molecules or form hydrogen-bond networks to
other heteroatoms in the peptide. With 25 water molecules, the charge sites are extensively
solvated by the water molecules, which bridge the two charge sites and also form hydrogen
bonds to the peptide. These results show that the attachment of water molecules can influence
the structure of the diprotonated peptide by directly solvating the protonation sites and reducing
intrinsic intramolecular solvation of these sites.

The normalized relative abundances of (KYK + 2H)** and (KYK + H)*, corrected for the loss
of NH3 and H,0 and water retention by these respective ions, as a function of n are shown in
Figure 10. Data for n = 0 are not shown because these ions do not survive. Formation of (KYK
+ H)* is dominant at small n whereas formation of (KYK + 2H)** is dominant at large n. A
transition between formation of (KYK + H)* and (KYK + 2H)** occurs at n = 5. At this cluster
size, these two ions are formed with nearly equal abundance.

The transition between loss of hydrogen from the reduced precursor to survival of the reduced
precursor appears to correlate with the extent of hydrogen bonding of the protonation sites,
that is, H-atom loss becomes increasingly unlikely when all of the H atoms at the protonation
site are involved in hydrogen bonds. Loss of an H atom continues for clusters as large as n =
10, although a small amount of H-atom loss in competition with water loss is also observed
for the much larger clusters. Upon EC of (KYK + 2H)(H20)10%*, nearly all water molecules
are lost and the dominant ions are the intact reduced precursor and reduced precursor that has
lost an ammonia molecule.

These results indicate that the water molecules effectively act as a “cage” that traps the H atom
in the reduced precursor. The intact reduced precursor either survives, because the majority of
the recombination energy goes into evaporating the water molecules, or it dissociates by loss
of an ammonia molecule or a hydrogen atom, which for an unsolvated hypervalent

g%hylammonium radical is expected to occur with barriers of about 0.4 and 0.2 eV, respectively.

There appears to be a relationship between retention of the hydrogen atom and ¢ and z ion
formation for (KYK + 2H)2*, based on their relative abundances as a function of hydration
extent (Figure 4). Although some (z," - COOH)* is formed even at n = 0(~11%), both b,*
(~82%) and y,* (~8%) are significantly more abundant and are almost certainly formed by
excited (KYK + H)*, consistent with the SORI-CAD data of this same ion formed directly by
ESI (Figure 5), and the breakdown curves (Figure 4). The small abundance of (zo° -

COOH)* can be attributed to dissociation of excited (KYK + 2H)**. The increase in z,** and
subsequently c,™ with increasing n appears to be related to the decreased propensity for H-
atom loss from the reduced precursor. These results strongly indicate that both z,** and ¢,*
require the retention of a hydrogen atom for their formation and that their abundance is directly
related to the extent of hydrogen bonding or solvent caging that occurs in these ions. Changes
to the peptide conformation or even zwitterion formation as a result of increasing hydration
can occur, and these effects may also influence the fragment ions observed.

Effects of Hydration on Molecular Survival

It is clear from these data that water molecules can protect the reduced precursor from
dissociating by removing a large portion of the recombination energy when these water
molecules evaporate from the cluster. For clusters with n > 10, some water molecules remain
attached to the reduced precursor ions, and for n > 14, all product ions are hydrated. For these
larger hydrated precursor ions, the majority of the ion signal corresponds to (KYK + 2H)
(H,0),**, but minor ions corresponding to these ions that have either lost an H atom or an
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ammonia molecule are also observed (Figure 6). Interestingly, these latter ions have slightly
different distributions of water molecules attached. For example, EC of (KYK + 2H)
(H0)252" results in loss of 10, 11, and 12 water molecules from the intact reduced precursor,
corresponding to an average of 10.8 water molecules lost. An ion corresponding to (KYK +
H)(H,0)15* is also observed. The one less water molecule that is lost from this ion compared
to the average number lost from the intact reduced precursor indicates that the energy required
for the loss of an H atom from these clusters is about that required for the loss of a single water
molecule, or roughly 9 kcal/mol (0.4 eV). Formation of (KYK + 2H - NH3)(H,0),3** is more
surprising because no (KYK + 2H - NH3)(H,0)14** is observed (Figure 6). Because loss of
NH3 should not be significantly exothermic, the accompanying net loss of 12 water molecules
from the intact reduced precursor suggests that ammonia leaves with one or two water
molecules attached, that is, a hydrated cluster of ammonia is lost.

The comparable abundance for the loss of ammonia and loss of an H atom from (KYK + 2H)
(H,0),5** indicates that these processes are competitive. Loss of an H atom is significantly
favored for the unsolvated ion despite having only a slightly lower dissociation barrier than
that for loss of ammonia. The competitive loss for the more highly solvated ions indicates that
water molecules form an effective cage that significantly reduces direct H-atom loss. Because
the CH»-NH3 bond is also very weak, cleavage of this bond is nearly as probable as cleavage
of the CH,NH>-H bond in the solvated ion.

Conclusions

The recombination energy of an electron captured by a multiply protonated peptide ion can be
determined using ion nanocalorimetry by measuring ECD spectra as a function of the number
of water molecules in a hydrated peptide ion. For (KYK + 2H)(H,0),2*, the RE is equal to the
energy that is taken away by evaporating the equivalent of 10.7 water molecules from the
reduced clusters, or about 4.3 eV. This value does not change significantly for hydrated ions
with between 11 and 25 water molecules, indicating that the charge sites in the protonated
dipeptide are significantly solvated in even smaller clusters, consistent with results from
molecular mechanics calculations. Because water molecules should stabilize these gaseous
ions, the RE value obtained from this experiment represents a lower limit to the RE of the
unsolvated precursor. These results show that the majority of the available RE is deposited into
internal modes of the peptide ion.

An important feature of these experiments is the ability to measure appearance energies and
obtain information about relative entropies of fragment formation, even though these processes
can be highly exothermic in ECD of the bare ion. Energy taken away by evaporating water
molecules is not available for fragment ion formation, so that a breakdown curve of fragment
ion abundance with an energy scale determined by the energy removed by each water molecule
can be used to establish appearance energies. Information about dissociation pathways and
relative entropies can then be deduced. lon nanocalorimetry is a general method that could
readily be applied to other exothermic processes that are inaccessible to direct investigation
by more conventional thermochemical methods.

Water molecules influence the conformation of the peptide primarily by replacing
intramolecular interactions at protonation sites with more favorable interactions with water
molecules, which also form hydrogen bonding networks to polarizable atoms in the peptide.
Water also acts as a “cage” that significantly reduces H-atom loss compared to the unsolvated
peptide and makes loss of an ammonia molecule from highly solvated ions a competitive
process. Hydrated ions will also have different electronic properties than the unsolvated ion,
which can affect how electron capture and subsequent dissociation occur. By investigating
other peptides and even proteins using this nanocalorimetry approach, thermochemical data
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can be obtained that may provide significant new insights into the role of sequence, hydration,
and even conformation on the ECD fragmentation process. This may prove useful for
improving automated algorithms aimed at extracting structural information from large
databases of ECD spectra. The appearance energy for formation of ¢c,* from (KYK + 2H)**
(=11 kcal/mol) is ~88 kcal/mol less than the recombination energy. Thus, formation of this
fragment ion should be prompt and likely occurs on a time scale substantially shorter than H/
D scrambling, making ECD a potentially attractive method to elucidate protein conformations
from solution-phase H/D exchange rates. Recent ECD results for a selectively labeled peptide
suggest that the extent of scrambling can be minimal for small peptides.67 Therole of electrons
in DNA damage, which can occur as a result of ionizing radiation in vivo, could be investigated
using this ion nanocalorimetry method, and information about how water molecules or other
molecules may mitigate DNA damage could be obtained from such experiments.
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Figure 1.

Electrospray ionization mass spectra of KYK from aqueous solution showing hydrated ions of
the doubly protonated peptide, (KYK + 2H)(H,0), 2*, and a minor distribution of the singly
protonated peptide, (KYK + H)(H,0),, *, with the temperature of the copper block that
surrounds the interface capillary at (a) ~95 °C and (b) ~80 °C.
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Scheme 1.
Fragmentation Pathways for (KYK + 2H)2* upon Electron Capture
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Figure 2.

Representative electron capture dissociation mass spectra for (a) (KYK + 2H)(H,0)2* and (b)
(KYK + 2H)(H,0) 2* Insets are x20 and x6 expansions of the spectral regions indicated in a)
and b), respectively; asterisks (*) indicate noise peaks.
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Figure 3.
Fragment abundances for major ECD product ions of (KYK + 2H)(H,0) , 2* and suspect
fragment ions formed by consecutive reactions of these ions, plotted as a function of n.

precursor ion size, n
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Figure 4.

Normalized abundances of dissociation products from intact reduced (KYK + 2H)(H,0)n 2*
and reduced ions that have lost a hydrogen atom, plotted as a function of n. Each curve is the
sum of the indicated major product ion and its subsequent neutral losses (Scheme 1). The
internal energy deposition scale, determined from the number of water molecules lost in ECD
of these ions (see text), is used to establish an energy resolved breakdown curve for fragment
ion formation; note that this scale is nonlinear above 78 kcal/mol.
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Figure 5.

SORI-CAD spectra of (KYK + H)* formed directly by nanoelectrospray ionization with two
different excitation conditions corresponding to maximum translational energies in the
laboratory frame, Emay trans, of 2.2 (top) and 2.6 eV (bottom).
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Figure 6.

ECD spectra of (a) (KYK + 2H)(H,0) 20,.and (b) (KYK + 2H)(H,0),52*. Numbers, n, above
ECD product ion peaks indicate major products (KYK + 2H)(H,0),**. Insets are x7 expansions
of the relative abundances of the spectral regions indicated; asterisks (*) indicate noise peaks.
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Figure 7.

Average number of water molecule lost (o) and retained (m) upon ECD of (KYK + 2H)(H>»
0),2*, plotted as a function of n. The line represents a least-squares fit to the water molecule
retention data for n > 11.
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Figure 8.
Thermochemistry for electron capture by (KYK + 2H)(H,0),, 2* deduced from ion

nanocalorimetry experiments, where the recombination energy is determined from the number
of water molecules lost from the reduced precursor (see text). Appearance energies (kcal/mol)
relative to the reduced precursor are indicated in parentheses.
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Figure 9.

Rgpresentative low-energy structures of (KYK + 2H)2*, (KYK + 2H)(H,0)10 2*, and (KYK
+ 2H)(H»0),52* obtained from 10 000 conformer Monte Carlo searches using the MMFFs
force field (similar structures were identified using the OPLS force field), with the amino
groups of both lysine sidechains protonated; these groups are circled for ease of identification.
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Figure 10.

Ngrmalized abundances of (KYK + 2H)** (including water retention) and (KYK + H)* formed
by EC of (KYK + 2H)(H,0),%* as a function precursor ion size, n. The abundances of ions
formed by subsequent loss of ammonia from (KYK + 2H)** or water from (KYK + H)* have
been included in the normalized abundance of their respective precursors.
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