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Abstract
Previous experiments based on charge state distributions have suggested that liquid desorption
electrospray ionization (DESI) is capable of preserving solution phase protein structure during
transfer to the gas phase (Journal of the American Society for Mass Spectrometry 21 (2010)
1730-1736). In order to examine this possibility more carefully, we have utilized selective non-
covalent adduct protein probing (SNAPP) to evaluate protein structural evolution in both liquid
DESI and standard ESI under a variety of conditions. Experiments with cytochrome c (Cytc)
demonstrated that methanol induced conformational shifts previously observed with ESI are also
easily observed with liquid DESI. However, undesirable acid-induced unfolding becomes apparent
at very high concentrations of methanol in liquid DESI due to acetic acid in the spray solvent,
suggesting that there are conditions under which liquid DESI will not preserve solution phase
structure. The effects of ammonium acetate buffer on liquid DESI SNAPP experiments were
examined by monitoring structural changes in myoglobin. Heme retention and SNAPP
distributions were both preserved better in liquid DESI than traditional ESI, suggesting superior
performance for liquid DESI in buffered conditions. Finally, liquid DESI SNAPP was used to
study the natively disordered proteins α, β, and γ synuclein with SNAPP. α-Synuclein, the main
component of fibrils found in patients with Parkinson’s disease, yielded a significantly different
SNAPP distribution compared to β and γ synuclein. This difference is indicative of highly
accessible protonated basic side chains, a property known to promote fibril formation in proteins.
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1. Introduction
Properly folded, biologically active proteins have secondary and tertiary structures essential
to their role in the cell. A change in protein conformation is often associated with a change
or loss in protein function. Determination of protein structure has been an area of interest
especially given the therapeutic aspect of using small molecules or other conditions to
activate, deactivate, or alter the function of proteins with the ultimate goal of treating
disease. Traditionally, protein structure has been examined by solid and liquid phase
techniques such as crystallography [1], NMR [2], FRET [3], fluorescence [4], and circular
dichroism [5]. In recent years, mass spectrometry has been increasingly used to both directly
and indirectly probe protein structure. Charge state distributions [6,7], selective non-
covalent adduct protein probing (SNAPP) [8], covalent labeling [9], H/D exchange [10], ion
mobility [11], electron capture dissociation (ECD) [12], and radical directed dissociation
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(RDD) [13] have all been successfully used to examine protein structure and monitor how
conformational changes occur in response to external stimuli. These mass spectrometry
based techniques all rely on electrospray ionization (ESI), which is particularly important for
those methods that examine protein structure in the gas phase. For experiments where
protein structure is probed in vacuo, the ideal outcome is successful transfer of the solution
phase structure into the gas phase with high fidelity. Unfortunately, conditions which favor
this outcome typically reduce sensitivity significantly relative to standard ESI.

Recently, Chen and Miao reported that liquid DESI could be used to ionize proteins with
apparent retention of solution-phase structure and enhanced sensitivity relative to ESI [14].
Liquid DESI, a technique related to solid surface DESI developed by Cooks and coworkers
[15,16], consists of a simple experimental setup (see Fig. 1) where the sample and
electrospray solutions are decoupled. The sample of interest is dissolved in one solution and
pushed through a flat, open ended tube at a steady flow rate. A separate spray solvent,
typically consisting of 50:50:1 water:methanol:acetic acid, is then electrosprayed and
directed by high speed gas flow toward the sample solution tube. Charged droplets emerge
from the intersection of the source and sample solutions, eventually generating protonated
ions for detection in the mass spectrometer. Importantly, Chen and coworkers demonstrated
that although denaturants such as methanol and acetic acid are used in the spray solvent, the
protein charge states observed from liquid DESI ionization were similar to those obtained
from much more “native” solutions [17]. In comparison, charge state distributions for
proteins electrosprayed directly from 50:50:1 water:methanol:acetic acid exhibit significant
shifts indicating denaturation of the protein. The apparent lack of denaturation in liquid
DESI is of interest because decoupling the spray and sample solvents potentially enables
maximization of ion count simultaneously with preservation of protein structure. However,
subtle structural changes are difficult to detect by shifts in charge state distribution,
suggesting that a more sensitive method may be required to reveal whether smaller changes
in structure take place in liquid DESI.

SNAPP is a simple mass spectrometry based method for investigating protein structure that
excels at identifying conformational changes. SNAPP is a comparative method that utilizes
non-covalent attachment of probe molecules during ESI to monitor protein structure.
SNAPP has been successfully used to reveal the effects of metal ions on the structure of α-
synuclein [18], to monitor structural changes induced by single amino acid mutations [19],
and to distinguish small structural differences in highly homologous proteins from different
species [20]. 18-Crown-6 (18C6) is typically the probe molecule used in SNAPP
experiments due to its ability to non-covalently bind to the protonated side chains of lysine
and arginine, or to the N-terminus. Side chains which are not buried or sequestered by
intramolecular interactions are generally available to bind 18C6. Side chain availability is
dictated by protein structure, and changes in protein conformation lead to different numbers
of 18C6 adducts. In a typical experiment, 18C6 is simply added to a protein solution and
then electrosprayed directly.

Herein, SNAPP will be utilized to examine the effects of the ionization process on protein
structure for both liquid DESI and standard ESI. This work is the first use of SNAPP on
proteins generated from a liquid DESI source. A methanol induced conformational shift in
the protein cytochrome c (Cytc) will be used as a model system to compare the two
ionization processes. This system has been previously studied by SNAPP in ESI [8] and is
examined here by SNAPP in liquid DESI. The protein structure of myoglobin ionized by
liquid DESI from ammonium acetate buffer is examined by SNAPP to evaluate the
performance of liquid DESI with additional buffer. The results with both Cytc and
myoglobin suggest that liquid DESI is a viable method for examining protein structure.
Finally, liquid DESI is used to study dynamic structural differences in the natively
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disordered synuclein proteins. α-Synuclein is the principal component of amyloid fibrils
associated with neurodegenerative Parkinson’s disease and undergoes a high rate of fibril
formation relative to the highly homologous proteins, β and γ synuclein [21]. Examination
of these three proteins by liquid DESI SNAPP is performed in order to gain insight into the
link between fibril formation rate and dynamic protein structure.

2. Experimental
Horse heart cytochrome c and myoglobin were purchased from Sigma–Aldrich (St. Louis,
MO). The proteins α, β, and γ synuclein were purchased from ProSpecBio (East
Brunswick, NJ). Distilled water was purified by a Millipore Direct-Q filtration system
before use. Methanol, acetic acid, and ammonium acetate were purchased from Thermo-
Fisher Scientific (Waltham, MA). 18-Crown-6 was purchased from Alfa Aesar (Pelham,
NH).

2.1. ESI and DESI setup
All ESI spectra were acquired on a Thermo LTQ mass spectrometer with the standard
IonMax™ ESI source supplied with the instrument. Liquid DESI spectra for myoglobin were
acquired on a Thermo LTQ mass spectrometer and liquid DESI spectra for Cytc were
acquired on a Thermo LCQ mass spectrometer. The liquid DESI source was constructed in-
house using a partially modified nozzle assembly from an existing Thermo ESI source. The
assembly was modified by removing its enclosure and replacing the existing silica capillary
(200 μm O.D., 100 μm I.D.) with a larger capillary (240 μm O.D., 100 μm I.D.) in order to
increase sheath gas velocity at the spray tip. The spray assembly was properly grounded and
attached to a firmly secured aluminum lab jack. The assembly was oriented in such a way
that the emitted solvent plume impacted the flat cut end of a securely mounted portion of
PEEK tubing (0.0625 in. O.D., 0.005 in. I.D.). A syringe pump was used to deliver sample
solution through this tubing at 3 μL/min. The samples consisted of 5 μM protein and 100
μM 18C6 (1:20 ratio) in water unless otherwise noted. A second syringe pump was used to
pump the spray solvent through the ESI needle at 3–6 μL/min. The spray solvent consisted
of 50:50:1 water:methanol:acetic acid unless otherwise noted. The nitrogen gas pressure
going into the spray assembly was set to 80 psi. A picture of this setup is shown in Fig. 1.
Sheath gas pressure, sample and spray flow rates, relative angles, and distances between the
elements of the setup were optimized for ion count. For SNAPP experiments with both ion
sources, ionization conditions and ion optic voltages were initially optimized to improve
signal and 18C6 attachment to the protein. These conditions were then kept constant
throughout the experiments. The optimal ion optic voltages were not substantially different
between the two sources.

3. Results and discussion
Cytc is known to undergo a conformational shift when exposed to increasing amounts of
methanol [22], and is therefore an excellent test subject to examine the effects of ionization
in liquid DESI. Fig. 2 shows fluorescence and circular dichroism spectra for solutions of
Cytc and 18C6 as a function of increasing methanol content at neutral pH. Cytc contains a
single tryptophan residue which fluoresces at 350 nm when excited at 285 nm. In the native
protein structure this amino acid is buried within the hydrophobic core and does not
fluoresce due to FRET quenching by the covalently bound heme group [22,23]. In Fig. 2a
the measured fluorescence of Cytc at 350 nm increases dramatically when the protein is
exposed to >60% methanol. The increase in fluorescence results from a structural
rearrangement increasing the distance between the tryptophan residue and heme group. The
native fluorescence of the amino acid is shown as a control (red line) and is also noted to
slightly decrease in intensity with increasing methanol content. Fig. 2b shows the circular
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dichroism at 222 nm of Cytc under the same solvent conditions. Shifts in circular dichroism
at 222 nm are also indicative of change in protein secondary structure. At 50–60% methanol,
a significant shift toward increased helicity is observed. It is well known that the secondary
structures of Cytc and many other proteins undergo conformational changes resulting in
increased helicity when exposed to methanol and the changes observed here are in
agreement with previous results [22,24].

SNAPP spectra of Cytc in varying amounts of methanol obtained by ESI and liquid DESI
are shown in Fig. 3. Since SNAPP is a comparison technique, it is only relevant to compare
data originating from the same ion source under the same operating conditions, meaning that
direct comparison of individual ESI and DESI spectra is not meaningful. Rather, changes
among the various DESI spectra can be compared to changes among the ESI spectra. For
both liquid DESI and ESI, the number of 18C6 adducts increases substantially for the 50%
methanol solution compared to the 0% methanol solution. This is consistent with the
structural changes observed in solution in Fig. 2, although the transition is observed at a
somewhat lower percentage of methanol (see supporting information). This is likely due to
the stability of α-helices in the gas phase, which may shift the balance of forces in favor of
helix formation at a slightly lower percentage of methanol. There is not a dramatic shift in
charge states for either the liquid DESI or ESI spectra at 50% methanol, although the charge
states in both spectra are broadened somewhat. At 90% methanol, the ESI spectrum is very
similar to that obtained at 50%; however, the liquid DESI spectrum has shifted notably
toward higher charge states. This shift indicates that Cytc in liquid DESI is beginning to
unfold at 90% methanol, a transition which is not expected to occur with just addition of
methanol. The most likely explanation for this difference is the presence of acid in the liquid
DESI spray solution. At lower concentrations of methanol, this acid is not sufficient to lead
to denaturation of the protein within the timeframe of the experiment, which corresponds to
the several milliseconds required to achieve complete desolvation [25,26]. After desolvation,
the 18C6 adducts are locked in place and further changes to the SNAPP spectra are unlikely.
However at 90% methanol, protein denaturation becomes feasible and leads to a partial shift
of the charge state distribution [27]. It should be noted that the charge state distribution
would be shifted substantially more if the acidic solution were sprayed directly, indicating
that the liquid DESI source has still preserved some native structure even under these
conditions.

Buffers are frequently added to ESI solutions in order to help preserve native structures
[28,29], and could potentially counter the effects of adding acid to the liquid DESI spray
solution. Liquid DESI and ESI SNAPP spectra for myoglobin in various concentrations of
ammonium acetate buffer are shown in Fig. 4. When no buffer is present, both liquid DESI
and ESI ionize the protein with 18C6 adducts attached, as expected. In ESI on the LTQ
instrument a significant amount of apomyoglobin is observed, which is formed by loss of the
noncovalently bound heme during ionization [30]. Heme loss is not prevalent in liquid DESI
on the same instrument indicating a gentler ionization process [17]. ESI of myoglobin in the
presence of buffer results in complete loss of 18C6 adducts even at the lowest concentration
of buffer, as shown in Fig. 4f. With increasing buffer concentrations, the protein signal in
ESI decreases significantly (Fig. 4, right). In contrast, 18C6 binding to the myoglobin
decreases only slightly in liquid DESI as buffer concentration increases. Even at the
maximum concentration of buffer examined, 1000 μM, 18C6 adducts are still observable by
liquid DESI.

Several competing factors influence the results in these experiments. 18C6 can form
noncovalent complexes with any small cation, including ammonium. Given the relative
concentrations of buffer and protein in these experiments, competitive binding of 18C6 by
ammonium is unavoidable. In ESI, this leads to loss of all myoglobin–18C6 adducts,
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although the [18C6+NH4]+ peak becomes quite intense. Another important factor to
consider is that there are a finite number of charges associated with each droplet in both ESI
and liquid DESI. Therefore, if the number of charges consumed by one species increases, a
corresponding decrease in charge consumption by another species must also occur. For ESI,
it would appear that the addition of buffer leads primarily to generation of [18C6+NH4]+,
accompanied by the decrease in myoglobin–18C6 formation. However in liquid DESI, 18C6
adducts to protein are still observed at high relative concentrations of buffer. Clearly a
different mechanism is operating to generate ions in the case of liquid DESI. Let us consider
the differences between the two sources more carefully. In ESI, the initially produced
charged droplets go on to produce ions without significant further interaction with other
solvents or surfaces. In liquid DESI, the charged droplets impact a surface, combine with
another solution, and then depart from the surface. Charge transfer to the surface and
dilution will serve to decrease charge density in the droplets which eventually go on to form
ions in liquid DESI. In terms of the two extremes that are frequently invoked to describe the
mechanism of ESI, charge residue and ion evaporation, dilution of charge will strongly favor
the charge residue mechanism. The results suggest that, in ESI, charge partitioning due to
ion evaporation of [18C6+NH4]+ is significant and that insufficient 18C6 remains to form
adducts with myoglobin. In liquid DESI, the data suggests that the charge residue
mechanism dominates. Given that the protein is much more basic than ammonia, myoglobin
is the eventual charge carrier in the shrinking residue droplet and is therefore able to
compete for 18C6 adducts.

There are several important conclusions that can be drawn from the data in Fig. 4 with
respect to liquid DESI and preservation of protein structure. One, liquid DESI does not
appear to form ions via ion evaporation, which can lead to undesirable competitive losses in
normal ESI. Two, the results imply that protein ions formed by the charge residue
mechanism are more likely to retain native structures. This observation is important
regardless of whether ESI or liquid DESI is to be employed and is in agreement with recent
calculations [31]. Three, addition of buffer will likely counteract any denaturation induced
by acid from the spray solvent.

Liquid DESI appears to be a viable method for gently ionizing proteins and appears to be
well suited for SNAPP experiments. Therefore, we employed liquid DESI SNAPP to
examine a novel system comprising the natively disordered proteins α, β, and γ synuclein.
All three of the synuclein proteins are natively disordered meaning that they lack tertiary
structure and rapidly interconvert between a variety of unique conformations. α-Synuclein is
known to be the principle component of fibril plaques present in Parkinson’s disease [32–
34]. β and γ synuclein, although highly homologous to α, are not related to the disease and
form fibrils at significantly slower rates and have been shown to actually inhibit α-synuclein
fibril formation [35]. The disparity in fibril formation rates of the synuclein proteins
suggests that transient structural properties may be key to explaining their observed
biological activity.

Liquid DESI SNAPP distributions extracted from raw mass spectra are shown in Fig. 5 for
each of the synucleins in the 14+, 13+, 12+, and 11+ charge states. In all charge states, α-
synuclein binds a significantly larger number of 18C6 molecules compared to both β and γ
synuclein. This difference cannot be explained by primary sequence alone as these highly
homologous proteins contain a similar number of potential 18C6 binding sites; α-synuclein:
17, β-synuclein: 15, γ-synuclein: 18. Instead, it is likely that α-synuclein can access a
substantially different, perhaps more extended, set of conformations compared to β and γ
synuclein. This difference in dynamic conformation may be related to the relatively high
fibril formation rate of α-synuclein.
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An important factor in the ability of natively disordered proteins to oligomerize and form
fibrils is the accessibility of their basic and acidic side chains [36]. At physiological pH, a
protein with a high rate of aggregation will contain an equally large number of both
positively and negatively charged residues that are solvent accessible and not participating
in intramolecular electrostatic interactions. Intermolecular interactions can then cause the
protein to form oligomers and eventually fibrils [37]. Binding of 18C6 is a direct indicator
of this kind of protonated basic side chain accessibility. Therefore, it can be inferred that the
increase in 18C6 binding to α-synuclein relative to β and γ synuclein is reflective of the
observed rates of fibril formation of the three proteins.

4. Conclusion
The ability of liquid DESI to preserve solution phase protein structures has been examined.
Protein conformation changes are observable with SNAPP in liquid DESI in a similar
fashion to normal ESI SNAPP. Liquid DESI offers the advantage of higher ionization
efficiency due to the use of an acidic spray solvent generally without denaturation of protein
structure as would occur when using acidic spray solvent in ESI. In addition, liquid DESI
was used to ionize protein in the presence of ammonium acetate buffer thus demonstrating
the applicability of liquid DESI SNAPP under conditions that better reflect the cellular
environment of proteins. Finally, liquid DESI was used to examine the natively disordered
proteins α, β, and γ synuclein. Of the three proteins, α-synuclein was shown to have a
dynamic structure that bound a relatively large number of 18C6 molecules. The increased
accessibility of protonated binding sites is likely related to the predisposition of α-synuclein
to undergo a high rate of fibril formation as compared to the other two synuclein proteins.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Composite image of the liquid DESI source setup. A green laser pointer is used to illuminate
the droplet clouds between the ionization source, sample tube, and mass spectrometer inlet.
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)
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Fig. 2.
(a) Fluorescence at 350 nm of Cytc and tryptophan and (b) circular dichroism at 222 nm of
Cytc in increasing concentrations of methanol. (For interpretation of the references to color
in text, the reader is referred to the web version of the article.)
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Fig. 3.
Cytc in solutions containing increasing amounts of methanol ionized via (a–c) DESI and (d–
f) ESI. Peaks are identified by protein charge state and number of attached 18C6 molecules
i.e., charge state – #18C6.
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Fig. 4.
Solutions of the protein myoglobin with increasing concentrations of ammonium acetate
buffer ionized via (a–d) DESI and (e–h) ESI.
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Fig. 5.
SNAPP distributions of α, β, and γ synucleins in H2O via DESI.
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