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The sequence-to-structure-to-function paradigm postulates
that the sequence of a protein determines its folding, which in
turn controls its activity.'!l Protein structure and folding have
been studied intensively for nearly 50 years,” and substantial
progress in this field has lead toward an atomistic depiction of
the energy landscape for in vivo model proteins.’! However,
the understanding of the interplay between the complex
three-dimensional arrangements of proteins and other fun-
damental physicochemical properties, such as the ionization
energy, still remains a challenge.

Since the 1990s and the advent of modern ionization
techniques, study of isolated biologically relevant molecules
and assemblies has become possible.**! Electrospray ioniza-
tion (ESI) is a unique method to bring large and fragile
biological species intact into the gas phase.”! Mass spectrom-
etry (MS) has since offered the unique ability of manipulating
such ions in the gas phase. In particular, the potential of mass
spectrometry to perform mass-selected spectroscopy on
isolated biomolecules in the gas phase has been achieved.”!
Furthermore, MS provides additional control on the target
charge state, which is not possible otherwise. For instance,
Hirsch et al.® have reported spectroscopic studies on mass-
selected clusters of ions, while Thissen et al.”’) took advantage
of the storage of the ions to produce relaxed targets in their
electronic ground states.
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Infrared gas-phase spectroscopy of protein polyproto-
nated cations generated by ESI is now routinely performed at
free-electron laser facilities.""'"! The coupling of a linear ion
trap (Thermo Scientific LTQ XL) offering ESI capabilities
with the vacuum-ultraviolet (VUV) DESIRS beamline!'>!?!
at the SOLEIL synchrotron radiation facility has been
reported recently.'*? The association of a quadrupole ion
trap and a VUV beamline at BessyII has also been
performed.!'”*¥ These experimental setups offer the unique
ability to study the photoninduced dynamics and electronic
properties of protonated protein ions by performing action
spectroscopy of trapped ions isolated under vacuum.

Herein, we report on a systematic study on the depend-
ence of the adiabatic ionization energy (IE) on the charge
states for three proteins, namely cytochrome C, basic pancre-
atic trypsin inhibitor (BPTI), and ubiquitin. Our results show
that this fundamental physical parameter is governed not only
by the charge state but also by the tertiary structure of the
proteins. We propose a simple model for the charge-depen-
dent IE with direct predictive capabilities. Interestingly,
a mean radius may be derived from IE measurements.

Selected electrosprayed ions of the proteins were stored in
the ion trap and submitted to VUV irradiation for a controlled
amount of time. For photon energies above the ionization
threshold of the ion, photoionization could take place
according to:

M +nH" +hv — [M+nH]" "™ e~ (1)

where [M+nH]"" is the selected precursor and [M+
nH]®*Y* is the photoionization product. Figure 1 shows the
mass spectra obtained for irradiation of charge selected state
+4 of BPTI as a function of the photon energy. The [M +
4H]*" parent ion appears at m/z 1628.6. The photoionization
process increases the charge of the ion without affecting its
mass. Thus, the radical cation [M +4HJ** appears at m/z
1302.9. The ionization threshold is obtained by fitting
a Wanier-type threshold function!™! to the abundance of the
ion formed by photoionization and normalized to both
photon flux and the total ion current. For the present example
in Figure 1, a value of 12.3+0.1 eV has been determined for
the photoionization threshold of +4 BPTI ion. The same
procedure for determining the ionization threshold has been
applied to each charge state that we could produce under ESI
conditions for BPTI, cytochrome C and ubiquitin. Charge
states ranging from 4 to 8 for BPTI, from 4 to 15 for
cytochrome C and from 4 to 9 for ubiquitin, were selected.
Figure 2a gathers the ionization energy as a function of the
charge states measured for all three proteins.
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Figure 1. Left panel: plot of normalized mass spectra versus photon
energy for the charge state + 4 of BPTI. M4=[M +4H]*"; M5=photo-
ionization product [M +4HJ**". Right panel: The normalized ion
abundance for M5 (open symbols). The adiabatic ionization energy
(IE) of 12.340.1 eV, obtained from a Wanier law!' fit (straight line) to
the data is indicated by the arrow.
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Figure 2. a) Measured ionization threshold as a function of the charge
states for cytochrome C, BPTI, and ubiquitin. The error bars appear of
similar width as the symbol. b) Literature collision cross-sections from

ion mobility measurements for cytochrome C, BPTI, and ubiqui-
tin 222627

Budnik and co-workers have reported the first study on
charge state-resolved electron impact measurement of the
ionization energy for several peptides and small proteins
(Substance P, rennin, insulin B-chain, and melitin).?>?"! They
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observed an increase of the ionization threshold for a given
species as the charge was increased. It appeared that for
polypeptides in the 1 to 3.5 kDa mass range, the ionization
energy values fitted a straight line. In this model, the intercept
of 9.8 eV represented the ionization energy of a hypothetical
neutral peptide. The slope of 1.1 eV/charge accounted for the
increasing attractive Coulombic interaction between the
departing electron and the ion core as the charge increased,
resulting in an enhancement of the ionization energy. We
observe a similar quasi-linear trend over all charge states for
BPTI (Figure 2a, O), but this is obviously not the case for
cytochrome C (2) and ubiquitin (e). For both cytochrome C
and ubiquitin, the ionization energy first increases for the
lowest charge states, as would be expected from the linear
model.”?*?!l However, a plateau is reached surprisingly soon
for intermediate charge states, where the ionization energies
remain nearly constant. According to the linear model, we
would expect an increase in the 2.2-3.3 eV range in Figure 1
between charge state 5 and 7-8, as observed for BPTI,
whereas in that range the ionization energy of cytochrome C
and ubiquitin is simply constant. For cytochrome C, starting at
charge states +8, the ionization energy increases again
monotonically but with a 0.24 eV/charge slope, which is
much weaker than that observed for BPTI. Ubiquitin exhibits
a similar trend in the + 7 to + 9 charge state range.

Ubiquitin, BPTI, and cytochrome C proteins have been
extensively studied by ion mobility.?>?°! Literature collision
cross-section data available®?*?" for ubiquitin, cytochro-
me C and BPTI are presented in Figure 2b. The major
difference between BPTI on one hand and cytochrome C and
ubiquitin on the other lies in their gas-phase tertiary
structures. In contrast to the two other proteins, BPTI
possesses three disulfide bridges, which provide it with
a more rigid structure. This is confirmed by the ion mobility
data, for which the collision cross-section of BPTI has been
shown to be weakly sensitive to the charge state with
a collision cross-section, increasing by about 25% in the 4
to 7 charge state range (see Figure 2b).

Molecular dynamics (MD) calculations of the radius of
gyration R, as a function of the charge state are presented in
Figure 3 for BPTI and ubiquitin. The present MD simulations
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Figure 3. MD calculations of the radius of gyration for charge state
ranging from 0 to +10 for BPTI and ubiquitin.
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are consistent with the slight dependence of the structure of
BPTI to protonation, and remain very compact over this
charge state range. For ubiquitin, the MD simulations
presented in Figure 3 indicate that the gas phase structure is
much more sensitive to protonation: the distribution of the
radius of gyration extends towards larger values. This
calculated trend is in very good agreement with the outcome
of ion mobility experiments (Figure 2b),?? for which the
transition from a compact structure towards an extended
structure appears between +5 and +7 charge states. Such
unfolding has been interpreted as an extension of the protein
structure with the charge state to minimize Coulomb repul-
sion between the protonated sites of the protein. The situation
is absolutely parallel for cytochrome C, for which at low
charge states, (+ 5 and below), the collision cross-sections are
almost independent of the charge state, reflecting a compact
and nearly spherical gas phase structure. Starting at charge
state 4 5, cytochrome C gradually unfolds. Up to charge state
+9, compact structures may co-exist with more extended
forms. For charge state + 10 and higher, unfolding is gradual
and monotonous, producing more extended arrangements.

The correspondence between the collision cross-section
data and the measured adiabatic ionization energies as
a function of the charge state (Figure 2) is noticeable and
clearly reveals a correlation between the ionization energy
and the gas-phase tertiary structure of the ions.

The initial modeling for the charge-state dependence of
ionization energy proposed by Budnik and co-workers?*2!l
was only taking into account the electron-ion Coulomb
interaction. Our measurements obviously indicate that the
gas-phase structure of the ion in a given charge state should
also be considered, as it governs the positive charge distribu-
tion experienced by the outgoing electron. We therefore
propose a correction to the modeling®®! that takes into
account the structure dependence of the ionization energies.
Indeed, the ionization energy E,(z) for charge state z may be
described by the addition to the ionization energy of a neutral
protein E(z=0) of an extra energetic term to remove the
photoelectron from a spherical protein bearing z positive
electric charges on its surface:

E;(z) = E/° +z€*/4neR,,(2) (2)

Where R,,(z) is the mean radius of the protein cation, ¢ is
the absolute permittivity of the medium, and e the electric
charge. Equation (2) assumes a spherical shape for the
protein and also a uniform charge distribution on the surface.
In this model, when protons are added to a protein, the
Coulomb energy is increased and leads to an enhancement of
the ionization energy. But if the protein unfolds as a conse-
quence of these additional protons, the potential experienced
by the electrons is reduced. A linear trend for the ionization
energy as a function of z is observed in Figure 2a for BPTI
because its gas-phase structure is locked and remains almost
constant (Figure 2b and Figure 3). For both ubiquitin and
cytchrome C, the plateau observed in the 4 to 8 charge states
range for the ionization energies in Figure 2a corresponds to
transition regions where proteins start unfolding. As the ratio
z/R,(z) does not change much in those z regions, the
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ionization energy does not vary. At higher charge states, the
unfolding is less spectacular and the ionization energies
increase again with z (Figure 2) but with lower slopes.

It appears from the Equation (2) that the knowledge of
a protein’s radius of gyration for a given charge state would
allow the determination of its ionization energy, providing
that the ionization energy for a hypothetical neutral protein
(z=0) is known. To evaluate this hypothesis, the ionization
energies were calculated from Equation (2) using atomic
units, the permittivity of the vacuum and the entire popula-
tion of computed radii of gyration for BPTI and ubiqutin. The
results are presented in Figure 4 together with the present IE
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Figure 4. Prediction of the ionization energy based on R, calculations
present in Figure 3 and on Equation (2) (vertical and tilted bars) as
compared to the measurements for BPTI and ubiquitin (triangle and
full circle). The error bars appear smaller than the symbols on this
figure. Sim.=simulation, Exp.=experiment.

measurements. The ionization energies for z=0 have been
determined for both proteins by calculating the best E/
matching the experimental data at z=4 and 5. Those z
values were chosen because they correspond to the least-
broad R, distributions. We find for BPTI and ubiquitin, Eto
be 7.1eV and 7.3 eV, respectively. These values are much
lower than the 9.8 eV reported by Budnik and co-workers for
smaller polypeptides.”” The estimated ionization energies for
BPTI in Figure 4 agree well with the measurement up to
charge state 6-7. For charge state 8, the calculation over-
estimates the IE, possibly because the radius of gyration
might deviate from the mean radius of the spherical potential.
Otherwise, the model agrees also very well with the measure-
ments for ubiquitin. The plateau appearing at charge state + 5
to + 7 is also observed on the simulation in Figure 4, as well as
the linear increase for the low charge.

Conversely, the relationship between ionization energy
and the radius of the proteins may allow structural parameters
from IE measurements to be derived. Indeed, in Figure 5, the
model [Eq. (2)] has been used to derive R, values from the IE
measured for cytochrome C taking E;° to be equal to the IE of
tryptophane,®! (7.44 £0.05 eV), which is the amino acid with
the lowest ionization energy.” The comparison of the
distribution of the radii as a function of the charge state
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Figure 5. Comparison of the experimental ion mobility collision cross-
section™?”! and the radii for cytochrome C calculated using the model
in Equation (2) as a function of the charge state. The dash lines
indicate the radius of gyration measured by SAXS for the nativeP” and
the alcohol denaturated protein.?"!

with literature collision cross-sections over the z=4 to 15
range shows a very good correlation between the two sets of
data. In particular, the unfolding trend reported by ion
mobility is well-reproduced in the data derived from ioniza-
tion energy measurements.

Experimental radii of gyration for native cytochrome C in
solution have been measured by small-angle X-ray scattering
(SAXS).? The 13.9 A experimental data is slightly larger
than the 13.3 A value obtained here for z =4 and 5 (Figure 5).
At the low-charge state, the removal of the solvent molecule
in the gas phase and intramolecular interactions make the
protein structure more compact than in solution, with side
chains folding onto the surface. Similar observations have
been made from ion mobility experiments.”? Interestingly,
SAXS studies of alcohol denaturated solution of cytochro-
me CP' have reported R, value of 31.7 A, which is in
agreement with the present finding of 31.4+1 A for z =15.
Recently, a SAXS study has been performed for cytochro-
me C ions stored in a digital ion trap,*” but without specific
m/z selection. In this work, a population of ions ranging from
z=17 to 10 was selected and the R, measured to be 26.3 &
0.5 A, which is consistent with R, data in Figure 5.

In summary, the present work demonstrates the correla-
tion between the ionization energy of a protein and both its
charge state and structure. In solution, the charge state
distribution of a protein is partly pH-controlled. As a con-
sequence of this study, the ionization energy of a protein is
sensitive to each physical parameter that is able to affect
either the pH or the structure of the protein. Indeed,
denaturing agents, such as surfactants, salts, temperature,
pressure, pH, or solvent, impinge on the protein structure and
thus also affect the ionization energy of that protein. The
ionization energy value for proteins has now to be considered
as a quantity averaged over the population of conformers and
charge states, and not as a single, defined, and fixed number.
These results could open a new perspective in the field of
radiation damages. Indeed, the ionization energy is a basic
parameter either for direct or indirect damage caused by
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secondary particles, such as slow electrons™ produced by the

ionization process, which may be estimated using our model.
Finally, it is shown that an ionization energy measurement
might have the potential to become a new way to derive
a mean radius for proteins and thus could lead to a new
method for gas phase structural determination of molecular
cations.

Experimental Section

The proteins (acquired from Sigma Aldrich) were dissolved in water/
acetonitrile (70:30) at 5 um and infused in the ESI source at 3 to
5 uLmin™". In-source activation was minimized by reducing the cone
voltage and the capillary temperature.

A photon shutter allowed precise control of irradiation time.[*!
To ensure spectral purity and to avoid second-order light, a gas filter
filled with argon was used to remove the higher harmonics of the
DESIRS beamline undulator.” Monochromatic photons with
20 meV bandwidth were admitted inside the ion trap to interact
with the target ions, as described in detail elsewhere.'"! After
irradiation, the product-ion mass spectrum was recorded. This process
was repeated over the photon energy range of interest to extract the
different charge-dependent ionization energies.

Molecular dynamics simulations of BPTI and ubiquitin were
performed using the Molecular Modeling Toolkit® and the Amber
£f99SB force field.”” The initial conformations were taken from PDB
structures 1BPI (BPTI) and 1V80 (ubiquitin), removing hydrogen
atoms and all non-protein atoms. For each simulation run, a charge
state was chosen at random for each amino acid known to admit
multiple charge states in solution. The corresponding hydrogen atoms
were added to the structure, which was then subjected to molecular
dynamics simulation starting at a low temperature (50 K) that was
raised to 300 K over 0.5 ps of simulation time. After another 1.5 ps of
equilibration, a trajectory of 50 ps was recorded for analysis, which
consisted of calculating the radius of gyration averaged over the
trajectory. The radius of gyration were obtained by calculation of the
average mass weighted of | r,—7., |% A total of 3000 simulation runs
was performed for ubiquitin in order to sample the possible micro-
scopic charge states. For BPTI, all 256 possible microscopic charge
states were sampled.
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