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Femtosecond laser vaporization-based mass spectrometry can be
used to measure protein conformation in vitro at atmospheric
pressure. Cytochrome c and lysozyme are vaporized from the con-
densed phase into the gas phase intact when exposed to an intense
(1013 W∕cm2), nonresonant (800 nm), ultrafast (75 fs) laser pulse.
Electrospray postionization time-of-flight mass spectrometry re-
veals that the vaporized protein maintains the solution-phase con-
formation through measurement of the charge-state distribution
and the collision-induced dissociation channels.

multiphoton ∣ nonthermal

The interaction of intense, ultrashort laser pulses with matter
has resulted in a number of remarkable unique phenomena

including above threshold ionization (1, 2), high harmonic gen-
eration (3–5), Coulomb explosion (6), nonadiabatic excitation of
polyatomic molecules (7, 8), neutron emission from clusters (9,
10), and the creation of attosecond laser pulses (5). Intense laser-
matter interactions are currently used to determine polyatomic
molecular electronic structure (11) and nuclear dynamics (12).
Biomolecular structure determination represents a unique fron-
tier for ultraintense laser experiments. In this regard, methods to
deliver nonvolatile biological molecules intact into the gas phase,
preferably maintaining condensed phase structure, are of inter-
est. We recently reported that intense, nonresonant, ultrafast
laser pulses could be used to deliver proteins with molecular
weights up to 45 kDa into the gas phase without fragmentation
(13). One motivation for this investigation is that for femtosecond
laser vaporization to be of value for protein structural determi-
nation, the vaporization must ideally preserve the condensed
phase primary, secondary, and tertiary conformation. Another
motivation is the fact that the analysis of biological structure
in situ presents a significant challenge. As a first step toward this
goal, we investigate the conformation of proteins vaporized from
the solution phase, in vitro, using intense, nonresonant femtose-
cond laser pulses.

The biological function of a protein is determined by both
primary sequence and structural conformation, with the latter
governed by inter- and intramolecular covalent and noncovalent
interactions. Techniques such as X-ray crystallography (14),
NMR spectroscopy (15), and hydroxyl-radical protein footprint-
ing (16) are commonly used to determine protein conformation
and to probe noncovalent interactions. Another emerging meth-
od, electrospray ionization mass spectrometry (ESI-MS) (17) can
be used to assess protein conformation in the electrospray solvent
solution because folded protein typically displays one or two in-
tense peaks in the mass spectrum (18). Protein in an unfolded
conformation results in a bell-shaped distribution of the peaks
with the centroid of the distribution occurring at a lower m∕z va-
lue (than the folded features) due to the basic amino acids being
revealed and protonated (18). Changes in temperature, solvent,
pH, and salt concentration will alter the equilibrium concentra-
tion of folded and unfolded protein and thus alter the observed
mass spectrum. Although remarkably successful, the aforemen-
tioned methods are not amenable for ex vivo studies of protein
conformation and require extensive sample manipulation prior to
measurement. For example, the extraction and preparation steps

typically result in denaturing conditions, altering the equilibrium
concentration of folded/unfolded protein. Therefore, a key ques-
tion concerns whether protein can be transferred from the con-
densed phase into the gas phase without altering the structural
conformation.

Nanosecond laser-based methods provide the opportunity to
directly sample condensed phase material, but requires the addi-
tion of a matrix to transfer analyte into the gas phase. For exam-
ple, matrix-assisted laser desorption/ionization (MALDI) has
been used for ex vivo spatial distribution analysis of protein
(19). In MALDI, the nanosecond laser pulse couples into the ex-
ternally applied matrix through a one-photon resonant excitation
process at a laser intensity of approximately 106 to 107 W∕cm2.
The absorbed energy is transferred from the matrix to the con-
densed phase allowing for desorption and ionization of both the
matrix and protein (20). Although MALDI-MS has successfully
analyzed a variety of molecules there is no provision for directly
obtaining structural information for a protein. Such information
requires extensive sample manipulation (21–23).

The coupling of laser-based desorption with electrospray post-
ionization can allow not only for identification but also structural
information for a given protein. Electrospray postionization of
laser desorbed proteins has been achieved using techniques such
as laser ablation electrospray ionization (24), electrospray-as-
sisted laser desorption ionization (25), and matrix-assisted laser
desorption electrospray ionization (26, 27). The aqueous proteins
are delivered into the gas phase at atmospheric pressure using a
nanosecond laser resonant with a vibrational transition in water.
The deposition of energy into the water induces a phase explosion
similar to MALDI, transferring material into the gas phase (24).
The accompanying heating in the nanosecond laser desorption
event presumably causes the aqueous protein to unfold. For
example, unfolded bovine cytochrome c is observed in the mass
spectrum upon infrared nanosecond laser desorption with elec-
trospray postionization (25–28).

The use of nonresonant femtosecond laser pulses for vapori-
zation may prevent thermal processes because the energy of the
laser pulse is deposited into the system on a timescale much faster
than that required for any ensuing thermal response. Time-
resolved measurements in metallic systems reveal that after the
initial electronic excitation, the internal modes of the condensed
phase system heat on the picosecond to nanosecond timescale
(29). If the nonequilbrium channel of vaporization occurs prior
to thermalization to protein modes, dissociation can be avoided.
In fact, the interaction of intense, nonresonant, femtosecond la-
ser pulses (70 fs, 1013 W∕cm2) with a condensed phase sample at
atmospheric pressure results in the intact vaporization of a wide
variety of nonvolatile polyatomic molecules in systems ranging
from explosive formulations to plant tissue (30–33). The discov-
ery that a strong field femtosecond laser pulse can transfer neu-
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tral macromolecules into the gas phase intact (34) was unantici-
pated because isolated molecules in vacuum exposed to an in-
tense laser pulse will ionize and possibly fragment (35, 36). The
nonresonant femtosecond laser pulse can, in principle, couple
into and vaporize all molecules in a given sample. This nonlinear
excitation implies that the sample preparation steps of elution
and mixing with a matrix are not necessary. Direct analysis of mo-
lecules ranging in size from pharmaceuticals (∼300 Da) to pro-
teins (>40 kDa) has been performed using the laser electrospray
mass spectrometry (LEMS) method (13, 30–34) where ionization,
mass analysis, and detection of the femtosecond laser-vaporized
sample is achieved via atmospheric pressure ESI-TOF-MS.

In this work, we investigate the interaction of intense nonreso-
nant femtosecond laser pulses with aqueous proteins to determine
whether nonequilibrium processes enable the transfer of protein
into the gas phase without altering the initial condensed phase
structural conformation. The conformation of the vaporized pro-
tein is probed by measuring the resulting electrospray postioniza-
tion mass spectrometry charge-state distribution as well as the
collision-induced dissociation (CID) channels. The LEMS mea-
surements, as a function of electrospray solvent pH and sample
pH, are compared to conventional ESI-MS experiments.

Results
Conventional ESI-MS and LEMS of Aqueous Cytochrome c. The
charge-state distributions measured after conventional ESI-MS
are shown as a function of the electrospray solvent pH in
Fig. 1 A–D. The ESI mass spectrum of cytochrome c electro-
sprayed from a solvent at pH 7.18 displays two distributions: one
containing predominantly the 8 and 7þ charge states and the sec-
ond containing a bell-shaped distribution (ranging from 17 to 9þ)
centered at the 12þ charge state (Fig. 1A). The nþ charge state
represents the ion with m∕z ðMþ nÞ∕ðnÞ, where M is the mass of
the molecule and n is the number of additional protons (Hþ)
bound to the molecule. As the pH of the electrospray solvent is
decreased to a pH of 4.06, the fraction of signal in the bell-shaped
distribution centered at the 12þ charge state increases (Fig. 1D).

The charge-state distributions measured after femtosecond la-
ser vaporization with electrospray postionization are shown as a
function of the electrospray solvent pH in Fig. 1 E–H. Only the 8
and 7þ charge states are detected when the vaporized protein
was captured and ionized by an electrospray plume at pH 7.18
(Fig. 1E) or 6.07 (Fig. 1F). The charge-state distribution centered
at 12þ is detected in the mass spectrum when the vaporized pro-
tein is captured by an electrospray plume at pH 5.06 (Fig. 1G)
or 4.06 (Fig. 1H). The LEMS mass spectrum as a function of
the pH of the aqueous cytochrome c solution is shown in Fig. 2.

The electrospray solvent for this experiment was maintained at a
pH of 7.06. The mass spectrum for protein vaporized from a
sample solution at pH 7 displays a high abundance peak at the
7þ charge state with low abundance peaks at 8, 6, 5, and 4þ
charge states (Fig. 2A). The LEMS analysis for vaporization from
a protein solution at a pH of approximately 3 reveals the 7þ
charge state and a bell-shaped distribution ranging from 17 to
9þ centered at 12þ (Fig. 2B).

CID Conventional ESI-MS and LEMS of Aqueous Lysozyme. Collision-
induced dissociation of the vaporized molecules can be per-
formed by increasing the voltage difference (acceleration poten-
tial) between the capillary exit and the skimmer in the ESI source.
At a low acceleration potential, no dissociation occurs due to the
low collision energy with the background gas. As the acceleration
potential approaches 400 V, the energy transferred into the
analyte upon a collision with background gas increases, enabling
dissociation. The conventional ESI mass spectra of lysozyme at
acceleration potentials ranging from 50 to 390 V are shown in
Fig. 3A. The mass spectrum acquired at an acceleration potential
of 50 V reveals a bell-shaped distribution corresponding to the
charge states 13 to 8þ. The bell-shaped distribution is maintained
with increasing collision energy, but shifts to lower charge states
as the acceleration potential approaches 390 V. The integrated
ion signal intensity of lysozyme as a function of acceleration
potential using conventional ESI-MS is shown in Fig. 3C.

The LEMS mass spectrum for lysozyme collected at accelera-
tion potential of 100 V displays only the 10 and 9þ charge states
(Fig. 3B). Increasing the acceleration potential to 390 V, results in
an increase in the ion abundance with no additional fragmenta-
tion or change in the charge-state distribution. The integrated ion
signal intensity of lysozyme as a function of acceleration potential
using LEMS is shown in Fig. 3D.

Discussion
Analysis of the Conventional ESI and LEMS Mass Spectra of Aqueous
Cytochrome c. The ESI mass spectrum of aqueous cytochrome c,
measured as a function of acid concentration, serves as a calibra-
tion for the analysis of protein structure after laser vaporization
and electrospray postionization (Fig. 1A–D). When cytochrome c
was electrosprayed from a solution at pH 7, the 8 and 7þ charge
states were observed. The 8 and 7þ charge states correspond to a
folded conformation of cytochrome c as revealed by nano-
ESI-MS experiments (37), and each charge state may contain sev-
eral different conformations of the three-dimensional protein
structure (38). In addition to the folded protein, a bell-shaped
distribution centered at the 12þ charge state, corresponding to

Fig. 1. Mass spectra of cytochrome c as a function of elec-
trospray solvent pH. The conventional ESI mass spectra of
cytochrome c measured at pH (A) 7.18, (B) 6.07, (C) 5.06,
and (D) 4.06. The mass spectra resulting from the femtose-
cond laser-induced vaporization of aqueous cytochrome c
(pH 7) followed by capture and ionization in the electro-
spray plume at pH (E) 7.18, (F) 6.07, (G) 5.06, and (H) 4.06.
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an unfolded conformation (37, 39), was also observed when the
cytochrome c solution at pH 7 was electrosprayed. Unfolded cy-
tochrome c is detected in the conventional ESI mass spectrum at
neutral pH where only folded protein is expected because of de-
naturing in the electrospray solvent containing 50% methanol by
volume (40, 41) and a decrease in pH in the electrospray droplet
during the electrospray droplet formation process (42, 43).

The structural conformation of cytochrome c is sensitive to pH
and should shift to higher charge states (with more states popu-
lated) as the pH decreases (41). As anticipated, the unfolded state
of cytochrome c dominates the distribution under increasingly
acidic solvent conditions (pH 6 to pH 4, Fig. 1 B–D). The conven-
tional ESI-MS spectra obtained (Fig. 1 A–D) are in agreement
with previous ESI-MS measurements as a function of pH (41).

When a femtosecond laser pulse interacts with a condensed
phase system, electrons are excited resonantly via a single photon,

or nonresonantly via multiphoton excitation. In either case, the
energy of the nascent, “hot” electrons is transferred into the pho-
non modes of the system on the picosecond timescale (29, 44), a
timescale which is many orders of magnitude shorter than that
required for protein unfolding (45). If the protein is vaporized
prior to achieving thermal equilibrium, the initial conformation
may be maintained in the gas phase. The charge-state distribution
of aqueous cytochrome c was analyzed to determine whether
nonresonant femtosecond laser vaporization alters a protein’s
tertiary structure via thermal denaturation. The measured
charge-state distributions (Fig. 1 E–H) resulting from the intense,
nonresonant femtosecond laser vaporization with subsequent
capture and ionization in an electrospray plume are quite differ-
ent in comparison with conventional ESI-MS. Only the folded
conformation (as revealed by the 8 and 7þ charge states) is de-
tected when the vaporized protein was captured and ionized by an
electrospray plume at pH 7.18 (Fig. 1E) or 6.07 (Fig. 1F). The
data suggests that femtosecond laser vaporization prevents ther-
mal denaturation preserving the condensed phase conformation
of the protein upon transfer into the gas phase. In addition,
intense, nonresonant femtosecond laser vaporization with elec-
trospray postionization preserves the condensed phase conforma-
tion even when a denaturant (methanol) is present in the
electrospray solvent. However, unfolded protein is observed in
the mass spectrum when the vaporized protein is captured by
an electrospray plume at pH 5.06 (Fig. 1G) and 4.06 (Fig. 1H),
suggesting that the denaturation rate increases at higher acid con-
centrations in the electrospray plume.

To further explore the hypothesis that LEMS preserves the
condensed phase conformation of the protein, we measured the
charge-state distribution as a function of sample pH, specifically
the pH of the protein solution subjected to laser vaporization.
When cytochrome c is vaporized from a nondenaturing (pH 7)
solution (46) and captured and ionized by a nondenaturing
(pH 7) electrospray solvent, only folded protein is observed in the
mass spectrum (Fig. 2A). The observation of the folded confor-
mation is expected because the pH of both solvent systems
(aqueous sample solution and the electrospray solvent) are non-
denaturing. However, when cytochrome c is vaporized from a
denaturing solution (pH ∼3) with subsequent capture and ioniza-
tion in a nondenaturing (pH 7) electrospray plume, unfolded pro-

Fig. 2. Mass spectra of cytochrome c as a function of droplet pH. The mass
spectra resulting from the nonresonant femtosecond laser-induced vaporiza-
tion of aqueous cytochrome c dissolved in solution at pH 7 (A) and in solution
at pH of approximately 3 (B) followed by capture and ionization in the elec-
trospray plume at pH 7.06.

Fig. 3. Mass spectra and integrated signal intensities
of lysozyme at different acceleration potentials.
(A) The ESI mass spectra of lysozyme for the accelera-
tion potentials of 50 V (dash), 250 V (dot), and 390 V
(solid). (B) The LEMS mass spectra of lysozyme for the
acceleration potentials of 100 V (dash), 250 V (dot),
and 390 V (solid). The integrated ion signal intensity
of lysozyme as a function of acceleration potential
using (C) ESI-MS and (D) LEMS.
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tein is observed in the mass spectrum (Fig. 2B). This observation
reveals that the conformation of the condensed phase protein,
folded or unfolded, is reflected in the ESI charge-state distribu-
tion and may be due to the vaporized protein’s short interaction
time with the electrospray plume. Nevertheless, these measure-
ments further support the hypothesis that intense, nonresonant
femtosecond laser vaporization of protein maintains the con-
densed phase conformation.

Quantification of Folded and Unfolded Protein in Conventional ESI-MS
and LEMS. The ratio of folded cytochrome c to the total protein
signal is plotted as a function of electrospray solvent pH for both
techniques (Fig. 4) for the data shown in Fig. 1. At every pH mea-
sured, the fraction of folded protein is higher for the LEMS
experiment in comparison to the conventional ESI-MS experi-
ment. At pH 7.18 and 6.07, only folded protein is observed for
the LEMS experiments whereas approximately 40% resides in
the unfolded state for the ESI-MS experiments. The difference
in the ratios is due to the protein spending minutes in solution
allowing the folded/unfolded ratio to reach equilibrium at a given
pH for the conventional ESI-MS experiments. In the LEMS
experiment, the protein remains in the electrospray plume for
approximately 100 ms, which is short compared to the timescale
of several seconds required for unfolding to a denatured state
(47). Therefore, the condensed phase conformation is detected
in the mass spectrum because of the mismatch in these time-
scales. In addition, the detection of folded protein in the LEMS
experiments could be partially due to the capture, solvation, and
ionization of the vaporized sample by smaller droplets in the elec-
trospray plume. Smaller droplets prevent a decrease in pH during
the electrospray droplet formation process, reducing denatura-
tion conditions in a manner similar to that seen in high gas flow
ESI measurements (48, 49). However, as the pH decreases, the
denaturation rate increases to a point that unfolding can occur
during the short transit time spent in the electrospray solvent
droplet prior to evaporation (50). Thus, a higher fraction of the
protein is observed in the unfolded conformation. We conclude
that the limited interaction time of the vaporized protein with the
denaturing electrospray plume and the nonthermal vaporization
mechanism enables LEMS to be a much softer mass spectro-
metric method than conventional ESI-MS.

CID of Aqueous Lysozyme in Conventional ESI-MS and LEMS. To test
the hypothesis that LEMS transfers protein into the gas phase

without conformational change, a second protein, hen egg white
lysozyme, was investigated. The conventional ESI mass spectra of
lysozyme at different acceleration potentials reveal that the
observed charge-state distribution is highly sensitive to the colli-
sion energy (Fig. 3A). At an acceleration potential of 50 V, a
bell-shaped distribution corresponding to the 13 to 8þ charge
states is measured, suggesting that the protein is in an unfolded
conformation (37, 41, 51). The bell-shaped distribution is main-
tained, but increases in intensity, as the acceleration potential
approaches 250 V. The increase in signal intensity at higher ac-
celeration potentials is attributed to the fact that the protein ions
are moving at a higher velocity toward the skimmer. This higher
velocity decreases the expansion of positive ions to regions out-
side of the skimmer inlet radius due to space charge (Coulomb
repulsion) effects. In addition, the increase in ion abundance is
also due to the removal of adducts (water and acetonitrile mo-
lecules) that are loosely bound to the lysozyme ion. The removal
of these adducts transfers signal intensity from the adduct-bound
lysozyme peak (e.g., ½Mþ 3H2Oþ CH3CNþ nHþ�nþ indicated
by the right shoulder on the nþ peaks) into the adduct-free
lysozyme peak (nþ, e.g., ½Mþ nHþ�nþ). As the acceleration
potential is further increased to 390 V, the ion signal decreases
in intensity and shifts to lower charge states due to the collision-
induced loss of loosely bound cations (e.g., Hþ) (52, 53). The ob-
served charge states correspond to an unfolded conformation of
lysozyme with the disulfide bonds intact. If the disulfide bonds
were reduced (broken), higher charge states, ranging from 20 to
12þ, would be observed in the ESI mass spectrum (54).

The CID measurements are quantitatively different than those
for conventional ESI-MS when an aliquot of lysozyme solution
was vaporized using an intense, nonresonant femtosecond laser
pulse, followed by capture and ionization in an electrospray
plume. The LEMS mass spectrum for lysozyme collected at an
acceleration potential of 100 V displays only the 10 and 9þ
charge states corresponding to a folded conformation (Fig. 3B)
(18, 55). Upon increasing the acceleration potential to 390 V,
an increase in the ion intensity was observed with no additional
fragmentation or change in the charge-state distribution. The in-
crease in ion abundance at high acceleration potentials is attrib-
uted to the decrease in space charge effects and removal of
loosely bound adducts, as seen with the conventional ESI-MS
of lysozyme. The folded protein signal is dominant for the LEMS
measurements in comparison to the conventional ESI-MS experi-
ments at each collision energy, again suggesting that the folded
structure (18) is preserved under the intense laser pulse condi-
tions used for vaporization.

To further explore the hypothesis that intense, nonresonant
femtosecond laser vaporization with electrospray postionization
preserves the folded structure of proteins under conditions where
conventional ESI-MS does not, the integrated ion signal from the
various charge states as a function of collision energy for both
techniques was measured. The total ion abundance contained
in the conventional ESI mass spectra is plotted as a function of
acceleration potential (Fig. 3C). As the acceleration potential
increases to approximately 250 V, the lysozyme signal monotoni-
cally increases due to the reduction in space charge effects and

Fig. 4. Quantification of folded protein observed in the cytochrome c
mass spectra. The percent of folded protein vs. the total protein signal result-
ing from the ESI-MS experiments (•, solid line) and the LEMS experiments
(▪, dashed line).

Fig. 5. Schematic of the LEMS apparatus. A nonresonant femtosecond laser
irradiates an aqueous sample vaporizing the protein, which is captured and
ionized by the electrospray plume prior to mass analysis, or CID with subse-
quent mass analysis.
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loss of noncovalently bound adducts. However, above 250 V, a
decrease in the intact ion signal intensity is measured due to charge
reduction and fragmentation, which is consistent with the notion
that a denatured protein has a larger CID cross section.

In the case of femtosecond laser-induced vaporization with
electrospray postionization, the integrated ion signal as a function
of acceleration potential reveals no evidence for fragmentation at
higher collision energy (Fig. 3D). The lack of fragmentation and
the absence of charge reduction is consistent with vaporization
of folded protein. There is no decrease in signal above an accel-
eration potential of 250 V because the folded structure suffers
fewer collisions. Any energy deposited during the collision is
rapidly transferred away from the impact site due to the folded
conformation providing multiple points of contact, facilitating in-
tramolecular energy redistribution. Therefore, we conclude that
the structure of the gas phase lysozyme is quite different for the
conventional ESI-MS experiments and the LEMS experiments.

The nonresonant femtosecond laser pulse has sufficient inten-
sity (1013 W∕cm2) to couple into pure protein (13), water and/or
the metal substrate via a multiphonon excitation to enable the
transfer of sample into the gas phase. The vaporization process
resulting from the absorption of the laser pulse energy may pro-
ceed through several possible mechanisms. In one such mechan-
ism, the condensed phase system can be excited into a repulsive
adsorbate-substrate or a repulsive adsorbate-adsorbate (e.g., pro-
tein-protein, protein-water) electronic state by either the direct ab-
sorption of photons or by collisions with hot electrons (1–10 eV)
(56–58). This excitation converts photon energy into potential en-
ergy, which is subsequently transformed into translational kinetic
energy due to electronic repulsion, enabling the transfer of mole-
cules and clusters into the gas phase.

In addition, it is also possible that the electrons created at the
metal surface can undergo cooling via collisions leading to the
direct vibrational excitation of intramolecular bonds of the
molecules (59). The excitation of the vibrational modes leads to
expansion of the molecules against neighboring molecules, or the
substrate, leading to the creation of a pressure pulse ejecting
molecules and clusters from the surface. The temperature of the
vaporized material is equal to that of the local surface (60).

Once vaporized, the molecules or clusters undergo expansion
into the gas phase where collisions with the background gas
further decrease the internal energy, lowering the temperature
and preventing molecular dissociation and unfolding of the pro-
tein (61, 62). We estimate that the final temperature of the
molecules prior to capture in the electrospray plume is approxi-
mately 300 K. This excitation mechanism allows the detection of
intact protein, preserving the condensed phase conformation,
when nonresonant, femtosecond laser vaporization is combined
with electrospray postionization and time-of-flight mass analysis.

Concluding Remarks
An intense, (1013 W∕cm2) nonresonant femtosecond laser pulse
can be used to vaporize macromolecules from their native envir-
onment into the gas phase for capture and ionization in an elec-
trospray plume at atmospheric pressure. The discovery that intact
vaporization of condensed phase protein can be induced using a
nonresonant femtosecond laser pulse (13, 30–34) was unantici-
pated because isolated protein in the gas phase under vacuum
conditions will inevitably ionize and fragment (35, 36). The ability
to analyze the molecular weight of proteins using LEMS was
recently reported (13) and here we have shown that a protein’s
structural conformation is preserved upon intense, nonresonant
femtosecond laser vaporization. The ultrafast deposition of
energy into the sample results in the nonthermal transfer of ad-
sorbed protein into the gas phase preventing thermal denatura-
tion (i.e., alteration of protein’s conformation). In addition to the

nonthermal vaporization mechanism, the limited interaction time
of the vaporized protein with the denaturing solvent enables
LEMS to be a softer vaporization/ionization method than con-
ventional ESI-MS when using identical electrospray conditions.
The ability to vaporize proteins while maintaining a folded
conformation is an important step toward the measurement of
noncovalent protein-protein and enzyme-substrate interactions.
These measurements suggest that investigation of the ex vivo
protein conformation analysis is now possible.

Materials and Methods
Sample Preparation. A solid sample of horse heart cytochrome c was pur-
chased from Sigma Aldrich and used without purification. For the conven-
tional ESI-MS of cytochrome c, a 2 × 10−4 M stock solution was prepared
in deionized (DI) water containing 10 mM ammonium acetate. A 1 × 10−5 M
solution was prepared by diluting an aliquot of the stock solution in pH ad-
justed 1∶1 (vol∶vol) methanol∶water solution containing 5 mM ammonium
acetate (pH range 7–4). A 8 × 10−4 M cyctochrome c solution was prepared in
DI water (pH 7), to obtain the folded conformation (46) for LEMS analysis. A
denatured cytochrome c sample was also prepared for LEMS analysis by di-
luting a portion of the 8 × 10−4 M cytochrome c solution in a 1∶1 (vol∶vol)
ratio with 1∶1 (vol∶vol) methanol∶water containing 5 mM ammonium acet-
ate (pH 4). This solution was further acidified with acetic acid to a pH of
approximately 3.

A solid sample of hen egg white lysozyme was purchased from Sigma
Aldrich and used without purification. For the conventional ESI-MS analysis
of lysozyme, a 1 × 10−4 M solution was prepared in 1∶1 (vol∶vol) acetonitrile∶
water with 1% acetic acid (pH 3.25). For the LEMS analysis, a 1 × 10−3 M
solution of lysozyme was prepared in DI water.

Laser Vaporization and Ionization Apparatus. A regenerative amplifier created
an 800 nm, 75 fs, 2.5 mJ laser pulse at 10 Hz, which was attenuated to
1.5 mJ∕pulse prior to being focused to a spot size of approximately
250 μm in diameter, using a 16.9-cm focal length lens. The laser pulse had
an incident angle of 45° with respect to the aqueous sample (a 10 μL aliquot)
deposited on a steel substrate. The aqueous sample was vaporized allowing
for capture and ionization by an electrospray plume composed of pH
adjusted 5 mM ammonium acetate buffer in 1∶1 (vol∶vol) methanol∶water
(cytochrome c experiments) or 1∶1 (vol∶vol) acetonitrile∶water acidified with
1% glacial acetic acid (lysozyme experiments) traveling perpendicular to
the laser-vaporized material (Fig. 5). The flow rate of the electrospray solvent
was 3 μL∕min as set by a syringe pump. The charged droplets, containing the
captured analyte, were dried by counter propagating nitrogen gas at 180 °C
prior to entering the inlet capillary.

Mass Spectrometry.An electrospray source ionizes and transfers sample into a
vacuum chamber where pulsed deflection orthogonal time-of-flight mass
analysis is performed (Fig. 5). The positive ions are subsequently detected
and the resulting mass spectra were averaged for 5 s totaling 50 mass spectra
(50 laser shots) for LEMS analysis (20 s for conventional ESI-MS measure-
ments). For the conventional ESI-MS measurements reported here, the solu-
tion was electrosprayed at a flow rate of 0.6 μL∕min and no laser was present
at the time of analysis. The electrosprayed solutions were composed of the
same solvent as that used for LEMS analysis of the respective protein samples.
The ESI experiments had the same voltage conditions as the LEMS experi-
ments, to ensure identical conditions for all experiments.

CID Experiments. A large number of protein-N2 collisions occur in the region
between the electrospray capillary exit and the skimmer in the ESI source,
which is maintained at a relatively high pressure, approximately 1.2 Torr
(Fig. 5). The maximum energy imparted into the internal modes of the
protein upon collision with N2 scales with the magnitude of the acceleration
potential, which can be adjusted by varying the voltage difference between
the capillary exit and the skimmer in the electrospray source. Fifty mass
spectra were acquired and averaged at each acceleration potential for both
the conventional ESI-MS and LEMS experiments.
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