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a  b  s  t  r  a  c  t

Transmission  mode  desorption  electrospray  ionization  is  coupled  with  ultraviolet  photodissociation  at
193  nm  for  the  analysis  of  protein  digests.  SEQUEST  is utilized  for  data  interpretation  and  database
searches.  Comparative  results  are  presented  for transmission  mode  desorption  electrospray  ioniza-
tion  (TM-DESI)-MS/collision  induced  dissociation  (CID)  and  TM-DESI-MS/ultraviolet  photodissociation
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(UVPD)  analyses  of five  proteolyzed  model  proteins  ranging  in molecular  weight  from  8.5  kDa (ubiqui-
tin)  to 66 kDa  (bovine  serum  albumin,  BSA).  In some  cases  TM-DESI/UVPD  yielded  greater  confidence  in
database  correlation  scores  for  peptides  and  comparable  protein  identification  compared  to  TM-DESI-
MS/CID  due  to the production  of  an  extensive  array  of  sequence  ions  and  the ability  to detect  low  m/z
terminal  sequence  ions  and  immonium  ions.
eptide sequencing

. Introduction

The undisputed success of MALDI-MS and ESI-MS methods for
roteomic applications has led to increasing emphasis on the adap-
ation of these methods for higher throughput analysis. There have
een significant advances in the development of MALDI-MS for
igh-throughput applications because of its natural compatibil-

ty with the analysis of discrete samples, such as those from a
omplex 2D-gel separation, robotically deposited on a multi-well
late, with analysis requiring just a few laser shots per sample
nd detection limits in the sub fmol range [1,2]. For bottom-up
roteomics studies, peptide mass fingerprinting (PMF) and now
rimarily sequencing by tandem mass spectrometry (MS/MS) are
he most frequently used methods for protein identification [3,4].
umerous MS/MS-based strategies have emerged as valuable tools

or the analysis of both pure protein samples and complex mixtures
nd are readily integrated with HPLC–ESI-MS platforms [5–10].

The benefits of high-throughput workflows have motivated
he search for new alternatives to MALDI-TOF-MS and HPLC-
SI-MS/MS methods. In this context, ambient mass spectrometry
echniques, such as desorption electrospray ionization (DESI) [11]

nd direct analysis in real time (DART) [12], provide simple yet
ighly efficient methods for analyzing multiple discrete samples,
enerating multiply charged analyte ions, and allowing analysis in
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a high-throughput manner. Ambient mass spectrometry has rev-
olutionized the means by which samples are introduced to the
mass spectrometer. Since the introduction of DESI [11], the field
of ambient mass spectrometry has grown rapidly due the recogni-
tion of the innumerable possible applications that exploit the ability
to analyze samples quickly and with minimal sample preparation
in a high-throughput manner. As a result, nearly 30 ambient ion-
ization techniques have been introduced in the past six years, as
summarized in two  recent reviews [13,14].

In addition to touted benefits for desorption and ionization of
small molecules, ESI-like ambient ionization techniques are capa-
ble of analyzing large non-volatile biomolecules, and a number of
recent studies have been reported for the investigation of peptides,
proteins and enzymatically digested proteins [15–25].  In one of
the first studies, DESI was coupled to an FTICR mass spectrometer
for high resolution detection of small proteins (up to insulin, MW
5.8 kDa) [15]. The rapid analysis of tryptic peptides from bovine
serum albumin (BSA) without sample pre-treatment or clean-up
by DESI-ion mobility mass spectrometry was reported [16], allow-
ing the identification of BSA by a pseudo-peptide mass fingerprint
and MASCOT database search strategy. DESI-MS was  also utilized
to analyze intact proteins up to 18 kDa with ng detection limits
with generally less successful detection of much larger proteins
(up to 66.4 kDa) [17]. The use of electrospray-assisted laser des-
orption ionization (ELDI) was  demonstrated for the analysis of
liquid samples of peptides and proteins up to 66 kDa (BSA) and

tryptic protein digests, as well as the combination of ELDI with
tandem mass spectrometry for effective MS/MS characterization
[18]. In a follow-up study the successful analysis of proteins up
to 80 kDa by IR-ELDI was  reported [19]. Nano-porous alumina

dx.doi.org/10.1016/j.ijms.2011.08.030
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urfaces were shown to afford higher ion abundances, greater signal
tability, and improved limits of detection compared to other sur-
aces for DESI analysis of peptides and proteins [20]. Another hybrid

ethod, MALDESI, was demonstrated for the analysis of peptides
nd proteins ranging from 1 to 17 kDa [21]. In a pair of studies that
ocused on the use of DESI for direct detection of analytes sepa-
ated on thin layer chromatography plates, DESI was employed for
he analysis of tryptic peptides from cytochrome c and myoglobin
ith sequence coverages of 81% and 74% for cytochrome c and myo-

lobin, respectively, based on data dependent MS/MS  [22,23].  DESI
as also used for the direct analysis of liquid samples in which

mino acids, peptides, proteins up to 66 kDa and tryptic digests
ere successfully ionized from solutions with pmol detection lim-

ts [24]. More recently, DESI-FTICR-MS was successfully utilized for
rotein sequencing of intact myoglobin and cytochrome c by col-

ision induced dissociation (CID) and electron capture dissociation
ECD), requiring approximately 10 nmol for top-down analysis [25].

Due to the inherent complexity of biological samples and
ransient nature of analyte ion signal generated by desorption ion-
zation methods, it is crucial for ion activation to be fast and efficient
n order to maximize the depth of analysis for each sample in

S/MS  experiments. Recently, a number of studies [26–32] have
hown short wavelength (157 and 193 nm)  ultraviolet photons pro-
ide fast and efficient activation of peptide ions upon the absorption
f a single photon. Ultraviolet photodissociation (UVPD) at 157 and
93 nm produces fragmentation patterns containing a, b, c, x, y, z
equence ions as well as immonium and v and w side-chain loss
ons. In a recent study from our group [32] it was shown that UVPD
t 193 nm using a single 5 ns, 8 mJ  laser pulse provided compara-
le and often improved peptide identification by in silico database
earching for biologically relevant samples. The integration of fast
V photoactivation with the minimal sample preparation, high-

hroughput capabilities of DESI offers a compelling opportunity for
roteomics applications. We  have previously reported transmis-
ion mode desorption electrospray ionization (TM-DESI) [33,34], a
ethod employing a simplified geometry for DESI experiments in
hich the sample is placed in-line between the ESI source and the
ass spectrometer inlet on a mesh substrate, allowing transmis-

ion of the ESI plume through the sample. In the present study, the
nalysis of proteins is facilitated by the use of TM-DESI-MS/UVPD.
ID and UVPD are compared as sequencing methods for confident
rotein in a TM-DESI-MS mode.

. Experimental

.1. Materials

Bovine model proteins �-casein, bovine serum albumin, �-
actoglobulin A, carbonic anhydrase, cytochrome c, ubiquitin,
roteomics grade trypsin, acetic acid, ammonium bicarbonate,
ithiothreitol (DTT) and iodoacetamide (IAM) were purchased
rom Sigma–Aldrich (St. Louis, MO). Chicken lysozyme was pur-
hased from MP  Biomedicals (Solon, OH). HPLC grade acetonitrile,
ethanol and water were purchased from Fisher Scientific (Fair-

awn, NJ). Sep-Pak® 1 cm3 C18 cartridges were obtained from
aters (Milford, MA). Polypropylene mesh with a 149 �m open

pace and 106 �m strand diameter (PP149) was purchased from
mall Parts Inc. (Miramar, FL).

.2. Sample preparation
Model protein stock solutions were prepared at 100 �M in
H ∼8, 100 mM ammonium bicarbonate for trypsin digestion.
ulfhydryl reduction was performed by adding 10 �L of acetoni-
rile and 5 �L of 100 mM DTT to 50 �L of protein stock in a 2 mL
 Mass Spectrometry 308 (2011) 203– 208

centrifuge tube, then incubated at 40 ◦C for 1 h. Reduced sulfhydryl
groups were then alkylated by adding 4 �L of 500 mM IAM and
reacted in the dark for 1 h at 37 ◦C. Excess IAM was  quenched by
adding another 15 �L of 500 mM DTT and reacted for 30 min  at
room temperature. 1 mg/mL  trypsin in 1 mM HCl was added to give
a protein to trypsin ratio of 50:1. The total volume was increased to
100 �L with water and incubated for 16 h at 37 ◦C. Protein digests
were cleaned-up using C18 cartridges then diluted to 10 �M with
90:10 (v/v) of methanol/water with 1% acetic acid.

2.3. Transmission mode DESI, mass spectrometry, and ultraviolet
photodissociation

All experiments were performed using an Omni Spray ion source
(Prosolia, Inc., Indianapolis, IN) mounted to a Thermo Fisher Scien-
tific LTQ XL mass spectrometer (Waltham, MA). The Omni Spray
source was equipped with a sample holder that permits 0◦ desorp-
tion geometry. The mesh substrate was held between a mask and
backing plate made from sheet polyetheretherketone (PEEK). The
mask is 1.5 mm thick and has six 4 mm square openings with 2 mm
spacing to allow transmission of the electrospray plume through
the mesh substrate. The openings in the mask are analogous to
the array of wells on a MALDI sample plate. The distance from the
electrospray emitter to the mesh was 2 mm,  and the distance from
the mesh to the mass spectrometer inlet was 8 mm.  Samples were
deposited on PP149 mesh in 2 �L aliquots and analyzed wet. The
electrospray solvent was methanol at a flow rate of 5 �L/min with
an electrospray voltage of 4.5 kV. The sample holder was scrolled
perpendicularly to the electrospray plume at 250 �m/s  and yielded
an analysis time of 2.4 min  for six sample wells. Nitrogen at a pres-
sure of 100 psi was used as the nebulizing gas and the heated
capillary temperature was  250 ◦C.

193 nm photons were generated by a Coherent Excistar XS
excimer laser (Santa Clara, CA). The back plate of the mass spec-
trometer was  modified with a CF viewport flange with a CaF2
window as described previously [35]. The unfocused laser beam
was aligned on axis with the linear ion trap through a 2 mm
aperture. XCalibur version 2.2 software package was  used to per-
form data dependent acquisitions. The data dependent acquisition
employed the following scan sequence: a full scan mass spectrum
over the range of m/z 400–2000, then MS/MS  spectra for each of the
20 most abundant ions in the full scan mass spectrum. A single 5 ns,
8 mJ  pulse and a q-value of 0.100 were used during the activation
period of each MS/MS  scan for UVPD experiments. The commercial
LTQ software limited the minimum activation period to 0.03 ms
even though the isolated ions were only irradiated for 5 ns. For CID
experiments, the standard 30 ms  activation period with a q-value of
0.250 was  used, and the normalized collision energy was  set to 35%.
An isolation width of 2 m/z was used for all MS/MS  scan events. For
all experiments, automated gain control (AGC) was set to 3 × 104 for
MS and 1 × 104 for MS/MS  scans. For MS  and MS/MS  scans the max-
imum injection times were set to 50 ms and 100 ms respectively.
Each MS  scan was  the average of six microscans and each MS/MS
scan was  the average of four microscans. MS  spectra and CID MS/MS
spectra were collected in profile mode. UVPD MS/MS spectra were
collected in centroid mode to allow photoionization background
subtraction prior to protein database processing. Dynamic exclu-
sion parameters included duration of 45 s, exclusion list size of 50
m/z values, and a repeat count of one.

2.4. Background subtraction and protein database searching
UVPD photoionization background peaks possibly arising from
pump oil and hydrocarbon impurities in the ion trap helium bath
gas were subtracted as previously described [32]. Thermo Fisher
Scientific Proteome Discoverer 1.0 software package was used to
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Table  1
Results for SEQUEST database search for UVPD and CID.

Protein MW (kDa) SEQUEST Score Unique peptides Sequence coverage

UVPD CID UVPD CID UVPD CID

�-Casein 24.5 95 ± 7 85 ± 12 7 ± 1 7 ± 1 37% ± 1 37 ± 4
�-Lactoglobulin A 20 103 ± 10 88 ± 18 9 ± 1 8 ± 1 54% ± 3 52% ± 3

9 ± 20 21 ± 3 28 ± 2 43% ± 6 54% ± 5
6 ± 12 8 ± 2 9 ± 2 47% ± 9 53% ± 7
4 ± 12 10 ± 1 11 ± 2 69% ± 3 75% ± 7
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Table 2
Peptide spectral matches for UVPD and CID obtained for five model proteins.

Protein PSMs

UVPD CID

�-Casein 23 ± 2 26 ± 3
�-Lactoglobulin A 30 ± 4 23 ± 4
BSA 38 ± 7 59 ± 5
Carbonic anhydrase 19 ± 4 20 ± 3

F
X

BSA  66 123 ± 22 18
Carbonic anhydrase 29 57 ± 13 7
Lysozyme 14.7 78 ± 19 8

erform SEQUEST database searches for interpretation of MS/MS
ata. SEQUEST search parameters included a signal:noise ratio of 3,

 precursor mass tolerance of 3 Da, fragment mass tolerance of 2 Da,
 missed cleavage by trypsin, methionine oxidation as a dynamic
ide chain modification and carbamidomethyl as a static side chain
odification of cysteine. Product ion series for CID spectra included

, b and y ions and UVPD product ion series were a, b, c, x, y and
 ions. Nonredundant bovine and chicken protein databases from
he NCBI were used for proteins form the respective species. Pep-
ide matches were filtered based on charge state and XCorr scores,
nd protein matches were rejected if they did not receive more
han two peptide matches. MS/MS  spectra that passed the filters
ut received probability scores less than 1.00 were manually veri-
ed.
. Results and discussion

Protein digests were deposited into the wells of the TM-DESI
ample holder, then the sample holder was rastered in front of the
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ig. 1. (A) UVPD (one 5 ns pulse at 193 nm)  and (B) CID spectra for �-lactoglobulin A tryp
Corr  and probability scores shown below the sequence. The selected precursor ions are 
Lysozyme 24 ± 3 23 ± 5

ESI plume. Full scan mass spectra and MS/MS spectra were acquired
with ion activation by CID or UVPD. MS/MS  sequencing experi-
ments were performed using a sample well scan rate of 250 �m/s
because this rate provided a reasonable compromise between the
number of MS/MS  spectra acquired per sample well and total anal-

ysis time. The total analysis time was 2.4 min  (for six wells), and
approximately 20 MS/MS  spectra could be acquired per sample
well. The same sample was  deposited in all six sample wells, and
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ig. 2. A representative survey scan (A) of a BSA tryptic digest, data dependent CID (
sterisks indicate the precursor ions.

EQUEST scores were generated from the combined spectra from
ll six sample wells.

Five model proteins ranging in molecular weight from 8.5 kDa
or ubiquitin to 66 kDa for BSA were analyzed by both CID and
VPD. Fig. 1 shows UVPD and CID spectra for one representative

ryptic peptide from �-lactoglobulin A, VAGTWYSLAMAASDIS-
LDAQSAPLR. UVPD generated a significantly larger array of
equence-informative ions (e.g., a, b, c, x, y, z) compared to CID
predominately b and y type ions) as well as greater sequence cov-
rage. The ability to operate at lower q-values for UVPD also allowed
etection of terminal sequence ions that fall below the low mass
ut-off in the corresponding CID spectrum. For some of the pep-
ides analyzed, the greater variety of sequence ions and the ability
o detect low mass terminal sequence ions led to greater confidence
n the peptide identification as reflected by the higher XCorr and
robability scores for UVPD. Ten replicate experiments were per-
ormed for each of the five model protein for both UVPD and CID.
able 1 summarizes the overall SEQUEST search results for both
VPD and CID sequencing experiments. The overall results for CID
nd UVPD are similar with respect to number of unique peptides,
rotein score, and sequence coverage for the proteins analyzed in
his study. CID marginally outperforms UVPD for three of the five
roteins analyzed, an outcome attributed to the decreased sensi-

ivity of UVPD due to secondary dissociation of product ions and
ower fragmentation efficiency and product ion abundance com-
ared to CID. It has been shown that fragmentation efficiency for
VPD at 193 nm is greater for peptides with amino acids containing
E) and UVPD (B and D) spectra of the peptides LKECCDKPLLEK and LGEYGFQNALIVR.

aromatic side chains (e.g., F, W and Y) [32]. Peptides containing zero
aromatic residues showed fragmentation efficiencies of approxi-
mately 50%, and peptides containing multiple aromatic residues
yielded fragmentation efficiencies of greater than 90%. However,
due to the large number of fragmentation pathways accessible by
193 nm UVPD, the product ion current is spread between a large
number of product ions and thus the individual abundances of
many of the product ions are low. As a result UVPD may  not per-
form as well for low abundance peptides, leading to fewer peptide
spectral matches (PSMs).

Table 2 displays the average number of PSMs obtained by
CID and UVPD for each of the model proteins. For �-casein, �-
lactoglobulin A, carbonic anhydrase and lysozyme, UVPD and CID
perform very similarly. However, in the case of BSA, CID produced
on average 21 more PSMs than UVPD which led to the identification
of seven more unique peptides on average. These observations can
be rationalized by the effects of ion suppression during ESI and the
greater average sensitivity of CID compared to UVPD. The molecu-
lar weight of BSA is more than twice that of the next largest protein
analyzed and produces 46 tryptic peptides (assuming zero missed
cleavages and minimum peptide length of six residues). Since the
digests are analyzed without prior chromatographic separations,
some peptides will experience significant suppression during ESI

relative to others.

Fig. 2 shows worst case and best case scenarios for UVPD rela-
tive to CID. Fig. 2A is a representative DESI-MS survey scan from one
BSA analysis. The ion of m/z  767 corresponding to doubly charged
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ig. 3. Average peptide XCorr (A) and probability (B) scores of the top scoring PSMs
f  the peptides identified by both CID and UVPD as a function of peptide length.

KCCDKPLLEK was chosen for MS/MS  analysis and representa-
ive UVPD and CID are shown in Fig. 2B and C, respectively.
he abundance of the LKCCDKPLLEK peptide is low (∼10% rela-
ive abundance), and this peptide does not contain any aromatic
esidues, moderating its native absorption cross-section at 193 nm.
he XCorr and probability scores for the CID spectrum are signif-
cantly higher and produce a confident identification whereas the
VPD spectrum does not pass the database search results filter-

ng. Fig. 2D and E are UVPD and CID spectra, respectively, from
he same BSA analyses of doubly charged LGEYGFQNALIVR. The
eptide LGEYGFQNALIVR of moderate abundance (∼40% relative
bundance) contains two aromatic residues. In this case UVPD sig-
ificantly out-performs CID as indicated by the greater XCorr and
robability scores. Once again, the diverse array of product ions
roduced by UVPD at 193 nm and the ability to detect low mass

mmonium and terminal sequence ions lead to greater confidence
n the peptide match.

From the five model proteins, 67 unique peptides were identi-
ed by both UVPD and CID. CID identified 10 unique peptides that
ere not identified by UVPD and seven additional unique peptides
ere identified by UVPD only. Fig. 3 displays the average peptide
Corr (A) and probability (B) scores of the top scoring PSM for the
nique peptides identified by both CID and UVPD as a function of
eptide length. The results are similar with neither method dis-
laying a distinct advantage for any particular length of peptide.

n general, both the XCorr and probability scores increase with
eptide length. This trend is due to the additive nature of their
alculations, thus spectra of larger peptides will score higher than
maller peptides even for MS/MS  spectra of similar quality [36].

he significance is that there are only marginal differences in the
eptide XCorr and probability scores produced by CID and UVPD for
ach peptide length, and overall both methods are very comparable.
he key advantage of UVPD is the rich fragmentation information

[
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and very short activation time (i.e., a single 5 ns pulse) compared
to the standard 30 ms  activation period for CID, making the latter
less efficient for high-throughput applications.

4. Conclusions

This study demonstrated the utility of TM-DESI for MS/MS
sequencing of protein digests. The coupling of TM-DESI with UVPD
at 193 nm allowed rapid MS/MS  analysis of protein digests and con-
fident protein identification through SEQUEST database searches.
In some cases, UVPD at 193 nm provided greater confidence in
peptide identification compared to CID due to the extensive array
of sequence ion types produced and the ability to detect termi-
nal sequence ions at reduced q-values. Design and production of
sample well masks analogous to a 96 well MALDI target would fur-
ther increase the throughput of TM-DESI experiments for MS/MS
sequencing.

Acknowledgements

Funding from the NSF (CHE-1012622) and the Welch Founda-
tion (F1155) is gratefully acknowledged.

References

[1] M. Schuerenberg, C. Luebbert, H. Eickhoff, M.  Kalkum, H. Lehrach, E. Nord-
hoff, Prestructured MALDI-MS sample supports, Analytical Chemistry 72 (2000)
3436–3442.

[2] D.R. Mueller, H. Voshol, A. Waldt, B. Wiedmann, J. van Oostrum, Subcellular
Proteomics, in: Subcellular Biochemistry, vol. 43, Springer, Netherlands, 2007,
pp. 355–380.

[3] J. Colinge, K.L. Bennett, Introduction to computational proteomics, PLoS Com-
putational Biology 3 (2007) e114–e1160.

[4] B. Thiede, W.  Hohenwarter, A. Krah, J. Mattow, M.  Schmid, F. Schmidt, P.R.
Jungblut, Peptide mass fingerprinting, Methods 35 (2005) 237–247.

[5]  R. Cramer, S. Corless, The nature of collision-induced dissociation processes of
doubly protonated peptides: comparative study for the future use of matrix-
assisted laser desorption/ionization on a hybrid quadrupole time-of-flight mass
spectrometer in proteomics, Rapid Communication in Mass Spectrometry 15
(2001) 2058–2066.

[6] A. Pandey, M. Mann, Proteomics to study genes and genomes, Nature 405 (2000)
837–846.

[7] K. Gevaert, J. Vandekerckhove, Protein identification methods in proteomics,
Electrophoresis 21 (2000) 1145–1154.

[8] K. Gevaert, H. Demol, L. Martens, B. Hoorelbeke, M. Puype, M. Goethals, J.V.
Damme, S.D. Boeck, J. Vandekerckhove, Protein identification based on matrix
assisted laser desorption/ionization-post source decay-mass spectrometry,
Electrophoresis 22 (2001) 1645–1651.

[9] J.R. Yates, Database searching using mass spectrometry data, Electrophoresis
19  (1998) 893–900.

10] D.N. Perkins, D.J.C. Pappin, D.M. Creasy, J.S. Cottrell, Probability-based protein
identification by searching sequence databases using mass spectrometry data,
Electrophoresis 20 (1999) 3551–3567.

11] Z. Takats, J.M. Wiseman, B. Gologan, R.G. Cooks, Mass spectrometry sampling
under ambient conditions with desorption electrospray ionization, Science 306
(2004) 471–473.

12] R.B. Cody, J.A. Laramée, H.D. Durst, Versatile new ion source for the analysis of
materials in open air under ambient conditions, Analytical Chemistry 77 (2005)
2297–2302.

13] D.J. Weston, Ambient ionization mass spectrometry: current understanding of
mechanistic theory; analytical performance and application areas, Analyst 135
(2010) 661–668.

14] D.R. Ifa, C. Wu,  Z. Ouyang, R.G. Cooks, Desorption electrospray ionization and
other ambient ionization methods: current progress and preview, Analyst 135
(2010) 669–681.

15] M.S. Bereman, L. Nyadong, F.M. Fernandez, D.C. Muddiman, Direct high-
resolution peptide and protein analysis by desorption electrospray ionization
Fourier transform ion cyclotron resonance mass spectrometry, Rapid Commu-
with ion mobility spectrometry/mass spectrometry, Rapid Communications in
Mass Spectrometry 21 (2007) 1131–1138.

17] Y. Shin, B. Drolet, R. Mayer, K. Dolence, F. Basile, Desorption electrospray
ionization-mass spectrometry of proteins, Analytical Chemistry 79 (2007)
3514–3518.



2 rnal of

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

08 J.B. Shaw, J.S. Brodbelt / International Jou

18] I.X. Peng, J. Shiea, R.R.O. Loo, J.A. Loo, Electrospray-assisted laser desorp-
tion/ionization and tandem mass spectrometry of peptides and proteins, Rapid
Communications in Mass Spectrometry 21 (2007) 2541–2546.

19] I.X. Peng, R.R.O. Loo, E. Margalith, M.W.  Little, J.A. Loo, Electrospray-
assisted laser desorption ionization mass spectrometry (ELDI-MS) with an
infrared laser for characterizing peptides and proteins, Analyst 135 (2010)
767–772.

20] A. Sen, R. Nayak, J. Darabi, D. Knapp, Use of nanoporous alumina surface for
desorption electrospray ionization mass spectrometry in proteomic analysis,
Biomedical Microdevices 10 (2008) 531–538.

21] J.S. Sampson, A.M. Hawkridge, D.C. Muddiman, Construction of a versatile
high precision ambient ionization source for direct analysis and imag-
ing, Journal of the American Society for Mass Spectrometry 19 (2008)
1527–1534.

22] S. Pasilis, V. Kertesz, G. Van Berkel, M.  Schulz, S. Schorcht, Using HPTLC/DESI-MS
for peptide identification in 1D separations of tryptic protein digests, Analytical
and Bioanalytical Chemistry 391 (2008) 317–324.

23] S.P Pasilis, V. Kertesz, G.J.V. Berkel, M.  Schulz, S. Schorcht, HPTLC/DESI-MS imag-
ing  of tryptic protein digests separated in two dimensions, Journal of Mass
Spectrometry 43 (2008) 1627–1635.

24] Z. Miao, H. Chen, Direct analysis of liquid samples by desorption electrospray
ionization-mass spectrometry (DESI-MS), Journal of the American Society for
Mass Spectrometry 20 (2009) 10–19.

25] A.A. Stokes, D.J. Clarke, S. Weidt, P. Langridge-Smith, C.L. Mackay, Top-down
protein sequencing by CID and ECD using desorption electrospray ionisation
(DESI) and high-field FTICR mass spectrometry, International Journal of Mass

Spectrometry 289 (2010) 54–57.

26] J.W. Morgan, D.H. Russell, Comparative studies of 193-nm photodissociation
and  TOF-TOFMS analysis of Bradykinin analogues: the effects of charge site(s)
and fragmentation timescales, Journal of the American Society for Mass Spec-
trometry 17 (2006) 721–729.

[

 Mass Spectrometry 308 (2011) 203– 208

27] M.S. Thompson, W.  Cui, J.P. Reilly, Factors that impact the vacuum ultraviolet
photofragmentation of peptide ions, Journal of the American Society for Mass
Spectrometry 18 (2007) 1439–1452.

28] Y.S. Shin, J.H. Moon, M.S. Kim, Observation of phosphorylation site-specific
dissociation of singly protonated phosphopeptides, Journal of the American
Society for Mass Spectrometry 21 (2010) 53–59.

29] L. Zhang, J.P. Reilly, Peptide de novo sequencing using 157 nm photodissociation
in  a tandem time-of-flight mass spectrometer, Analytical Chemistry 82 (2010)
898–908.

30] T. Kim, M.S. Thompson, J.P. Reilly, Peptide photodissociation at 157 nm in a lin-
ear  ion trap mass spectrometer, Rapid Communications in Mass Spectrometry
19 (2005) 1657–1665.

31] T. Kim, J.P. Reilly, Time-resolved observation of product ions generated by
157 nm photodissociation of singly protonated phosphopeptides, Journal of the
American Society for Mass Spectrometry 20 (2009) 2334–2341.

32] J.A. Madsen, D.R. Boutz, J.S. Brodbelt, Ultrafast ultraviolet photodissociation
at  193 nm and its applicability to proteomic workflows, Journal of Proteome
Research 9 (2010) 4205–4214.

33] J.E. Chipuk, J.S. Brodbelt, Transmission mode desorption electrospray ion-
ization, Journal of the American Society for Mass Spectrometry 19 (2008)
1612–1620.

34] J.E. Chipuk, J.S. Brodbelt, The influence of material and mesh characteristics on
transmission mode desorption electrospray ionization, Journal of the American
Society for Mass Spectrometry 20 (2009) 584–592.

35] M.W.  Gardner, L.A. Vasicek, S. Shabbir, E.V. Anslyn, J.S. Brodbelt, Chromogenic
cross-linker for the characterization of protein structure by infrared mul-

tiphoton dissociation mass spectrometry, Analytical Chemistry 80 (2008)
4807–4819.

36] R.G. Sadygov, D. Cociorva, J.R. Yates, Large-scale database searching using tan-
dem  mass spectra: looking up the answer in the back of the book, Nature
Methods 1 (2004) 195–202.


	Analysis of protein digests by transmission-mode desorption electrospray ionization mass spectrometry with ultraviolet pho...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Sample preparation
	2.3 Transmission mode DESI, mass spectrometry, and ultraviolet photodissociation
	2.4 Background subtraction and protein database searching

	3 Results and discussion
	4 Conclusions
	Acknowledgements
	References


