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High-throughput Database Search and
Large-scale Negative Polarity Liquid
Chromatography-Tandem Mass Spectrometry
with Ultraviolet Photodissociation for Complex

Proteomic Samples*s
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The use of ultraviolet photodissociation (UVPD) for the
activation and dissociation of peptide anions is evaluated
for broader coverage of the proteome. To facilitate inter-
pretation and assignment of the resulting UVPD mass
spectra of peptide anions, the MassMatrix database
search algorithm was modified to allow automated anal-
ysis of negative polarity MS/MS spectra. The new UVPD
algorithms were developed based on the MassMatrix da-
tabase search engine by adding specific fragmentation
pathways for UVPD. The new UVPD fragmentation path-
ways in MassMatrix were rigorously and statistically op-
timized using two large data sets with high mass accuracy
and high mass resolution for both MS' and MS? data
acquired on an Orbitrap mass spectrometer for complex
Halobacterium and HelLa proteome samples. Negative
mode UVPD led to the identification of 3663 and 2350
peptides for the Halo and HelLa tryptic digests, respec-
tively, corresponding to 655 and 645 peptides that were
unique when compared with electron transfer dissocia-
tion (ETD), higher energy collision-induced dissociation,
and collision-induced dissociation results for the same
digests analyzed in the positive mode. In sum, 805 and 619
proteins were identified via UVPD for the Halobacterium
and HelLa samples, respectively, with 49 and 50 unique
proteins identified in contrast to the more conventional
MS/MS methods. The algorithm also features automated
charge determination for low mass accuracy data, pre-
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cursor filtering (including intact charge-reduced peaks),
and the ability to combine both positive and negative
MS/MS spectra into a single search, and it is freely open
to the public. The accuracy and specificity of the Mass-
Matrix UVPD search algorithm was also assessed for low
resolution, low mass accuracy data on a linear ion trap.
Analysis of a known mixture of three mitogen-activated
kinases yielded similar sequence coverage percentages
for UVPD of peptide anions versus conventional collision-
induced dissociation of peptide cations, and when these
methods were combined into a single search, an increase
of up to 13% sequence coverage was observed for the
kinases. The ability to sequence peptide anions and cat-
ions in alternating scans in the same chromatographic run
was also demonstrated. Because ETD has a significant
bias toward identifying highly basic peptides, negative
UVPD was used to improve the identification of the
more acidic peptides in conjunction with positive ETD for
the more basic species. In this case, tryptic peptides from
the cytosolic section of HelLa cells were analyzed by po-
larity switching nanoLC-MS/MS utilizing ETD for cation
sequencing and UVPD for anion sequencing. Relative to
searching using ETD alone, positive/negative polarity
switching significantly improved sequence coverages
across identified proteins, resulting in a 33% increase in
unique peptide identifications and more than twice the
number of peptide spectral matches. Molecular & Cel-
lular Proteomics 12: 10.1074/mcp.0113.028258, 2604-
2614, 2013.

The advent of new high-performance tandem mass spec-
trometers equipped with the most versatile collision- and
electron-based activation methods and ever more powerful
database search algorithms has catalyzed tremendous pro-
gress in the field of proteomics (1-4). Despite these advances
in instrumentation and methodologies, there are few methods
that fully exploit the information available from the acidic
proteome or acidic regions of proteins. Typical high-through-
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put, bottom-up workflows consist of the chromatographic
separation of complex mixtures of digested proteins followed
by online mass spectrometry (MS) and MS" analysis. This
bottom-up approach remains the most popular strategy for
protein identification, biomarker discovery, quantitative pro-
teomics, and elucidation of post-translational modifications.
To date, proteome characterization via mass spectrometry
has overwhelmingly focused on the analysis of peptide cat-
ions (5), resulting in an inherent bias toward basic peptides
that easily ionize under acidic mobile phase conditions and
positive polarity MS settings. Given that ~50% of peptides/
proteins are naturally acidic (6) and that many of the most
important post-translational modifications (e.g. phosphoryla-
tion, acetylation, sulfonation, etc.) significantly decrease the
isoelectric points of peptides (7, 8), there is a compelling need
for better analytical methodologies for characterization of the
acidic proteome.

A principal reason for the shortage of methods for peptide
anion characterization is the lack of MS/MS techniques suit-
able for the efficient and predictable dissociation of peptide
anions. Although there are a growing array of new ion activa-
tion methods for the dissociation of peptides, most have been
developed for the analysis of positively charged peptides.
Collision-induced dissociation (CID)' of peptide anions, for
example, often yields unpredictable or uninformative frag-
mentation behavior, with spectra dominated by neutral losses
from both precursor and product ions (9), resulting in insuffi-
cient peptide sequence information. The two most promising
new electron-based methods, electron-capture dissociation
and electron-transfer dissociation (ETD), are applicable only
to positively charged ions, not to anions (10-13). Because of
the known inadequacy of CID and the lack of feasibility of
electron-capture dissociation and ETD for peptide anion se-
quencing, several alternative MS™ methods have been devel-
oped recently. Electron detachment dissociation using high-
energy electrons to induce backbone cleavages was
developed for peptide anions (14, 15). Another new technique,
negative ETD, entails reactions of radical cation reagents with
peptide anions to promote electron transfer from the peptide
to the reagent that causes radical-directed dissociation (16,
17). Activated-electron photodetachment dissociation, an
MS? technique, uses UV irradiation to produce intact peptide
radical anions, which are then collisionally activated (18, 19).
Although they represent inroads in the characterization of
peptide anions, these methods also suffer from several sig-
nificant shortcomings. Electron detachment dissociation and
activated-electron photodetachment dissociation are both

" The abbreviations used are: CID, collision-induced dissociation;
ESI, electrospray ionization; ETD, electron-transfer dissociation;
FDR, false discovery rate; HCD, higher energy collision-induced
dissociation; MAPK, mitogen-activated protein kinase; NUVPD, neg-
ative-mode ultraviolet photodissociation; PSM, peptide spectral
match; ROC, receiver operating characteristic; UVPD, ultraviolet
photodissociation.

low-efficiency methods that require long averaging cycles and
activation times that range from half a second to multiple
seconds, impeding the integration of these methods with
chromatographic timescales (14-19). In addition, the frag-
mentation patterns frequently yield many high-abundance
neutral losses from product ions, which clutter the spectra
(14-17), and few sequence ions (14, 18, 19). Recently, we
reported the use of 193-nm photons (ultraviolet photodisso-
ciation (UVPD)) for peptide anion activation, which was shown
to yield rich and predictable fragmentation patterns with high
sequence coverage on a fast liquid chromatographic timeline
(20). This method showed promise for a range of peptide
charge states (i.e. from 3- to 1-), as well as for both unmod-
ified and phosphorylated species.

Several widely used or commercial database searching
techniques are available for automated “bottom-up” analysis
of peptide cations; SEQUEST (21), MASCOT (22), OMSSA
(23), X! Tandem (24), and MASPIC (25) are all popular choices
and yield comparable results (26). MassMatrix (27), a recently
introduced searching algorithm, uses a mass accuracy sen-
sitive probability-based scoring scheme for both the total
number of matched product ions and the total abundance of
matched products. This searching method also utilizes LC
retention times to filter false positive peptide matches (28) and
has been shown to yield results comparable to or better than
those obtained with SEQUEST, MASCOT, OMSSA, and X!
Tandem (29). Despite the ongoing innovation in automated
peptide cation analysis, there is a lack of publically available
methods for automated peptide anion analysis.

In this work, we have modified the mass accuracy sensitive
probabilistic MassMatrix algorithms to allow database
searching of negative polarity MS/MS spectra. The algorithm
is specific to the fragmentation behavior generated from
193-nm UVPD of peptide anions. The UVPD pathways in
MassMatrix were rigorously and statistically optimized using
two large data sets with high mass accuracy and high mass
resolution for both MS" and MS? data acquired on an Orbitrap
mass spectrometer for complex HelLa and Halo proteome
samples. For low mass accuracy/low mass resolution data,
we also incorporated a charge-state-filtering algorithm that
identifies the charge state of each MS/MS spectrum based on
the fragmentation patterns prior to searching. MassMatrix not
only can analyze both positive and negative polarity LC-
MS/MS files separately, but also can combine files from dif-
ferent polarities and different dissociation methods into a
single search, thus maximizing the information content for a
given proteomics experiment. The explicit incorporation of
mass accuracy in the scores for the UVPD MS/MS spectra of
peptide anions increases peptide assignments and identifica-
tions. Finally, we showcase the utility of integrating MassMatrix
searching with positive/negative polarity MS/MS switching
(i.e. data-dependent positive ETD and negative UVPD during
a single proteomic LC-MS/MS run). MassMatrix is available to
the public as a free search engine online.
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EXPERIMENTAL PROCEDURES

Materials—HPLC buffer components and proteomics-grade tryp-
sin were obtained from Sigma-Aldrich (St. Louis, MO). All other re-
agents and solvents were obtained from Fisher Scientific (Fairlawn,
NJ). An equimolar mixture of mitogen-activated protein kinases
(MAPKSs), including c-Jun N-terminal kinase 2, mitogen-activated pro-
tein kinase 1, and p38 mitogen-activated kinase 14, were prepared as
described elsewhere (20). HelLa cells were obtained from American
Type Culture Collection (CCL-2) (Manassas, VA) and were lysed,
reduced, alkylated, and digested as reported previously (30). Halo-
bacterium salinarum NRC-1 was purchased from the American Type
Culture Collection. The bacteria were grown in the recommended
medium (American Type Culture Collection medium 2185). HelLa cells
were suspended in low-salt buffer (10 mm Tris-HCI, 10 mm KCI, 1.5
mm MgCl,, pH 8.0) to swell prior to dounce homogenization to lyse
the cells. The whole cell lysate was centrifuged at 1000 X g to clarify
the soluble lysate and to remove the insoluble pellet.

Sample Preparation—Proteins from Halobacterium and Hela ly-
sates were digested overnight with trypsin using a FASP protein
digestion kit (Protein Discovery, San Diego, CA). Prior to digestion,
proteins were reduced in 5 mm dithiothreitol for 30 min at 55 °C, and
this was followed by alkylation in 15 mm iodoacetamide at room
temperature in the dark for 30 min. Trypsin was added in a 1:20
enzyme-to-protein ratio, and the solution was buffered at pH 7.5 in 50
mwm ammonium bicarbonate.

Mass Spectrometry, Liquid Chromatography, Ultraviolet Photodis-
sociation, and Electron Transfer Dissociation— All mass spectrometric
measurements were carried out on a Thermo Fisher Scientific LTQ XL
(San Jose, CA) linear ion trap mass spectrometer or a Thermo Fisher
Scientific Orbitrap Elite (Thermo Fisher Scientific, Bremen, Germany)
mass spectrometer. The LTQ mass spectrometer was equipped with
a Coherent (Santa Clara, CA) ExciStar XS excimer laser operated at
193 nm via a setup similar to that previously described (30, 31). Liquid
chromatography was carried out using a Dionex UltiMate 3000 sys-
tem (Sunnyvale, CA) with an Agilent ZORBAX 300SB-C,g column
(Santa Clara, CA) (150 X 75 um, 3.5-um particle size) at flow rate of
300 nl/min. The nano-electrospray ionization (ESI) setup consisted of
a conductive mini microfilter assembly from IDEX Health and Science
(Oak Harbor, WA) coupled to a New Objectives uncoated PicoTip®
nanoESI emitter (Woburn, MA), which was operated at an ESI voltage
of 2 kV. A 60-min linear gradient from 5% eluent B to 40% eluent B
was used for the first set of MAPK samples, in which eluent A was 10
mM piperidine in water and eluent B was 10 mm piperidine in aceto-
nitrile. A 210-min linear gradient from 5% eluent B to 35% eluent B
was used for the HeLa samples and the second set of MAPK sam-
ples, in which eluent A was 0.1% acetic acid in water and eluent B
was 0.1% acetic acid in acetonitrile. The mitogen-activated kinase
mixture was injected at approximately one picomole of tryptic digest
per protein. For the HeLa sample, ~2 ug of total lysate was injected.
Data-dependent nanoLC-MS/UVPD was performed as follows: the
first event was the full negative mass scan (m/z range of 400-2000),
which was followed by five UVPD events on the five most abundant
ions from the first event. A series of eight 1-mJ UV pulses (applied
during a 16-ms activation period) was used per MS/MS scan with a
g-value set at 0.1. Data-dependent nanoLC-MS/CID was performed
as follows: the first event was the full positive mass scan (m/z range
of 400-2000), which was followed by 10 CID events on the 10 most
abundant ions from the first event. For CID, a normalized collision
energy of 35%, a g-value of 0.25, and a collision duration of 30 ms
were used. Polarity switching data-dependent nanoLC-MS/MS was
performed as follows: the first event was the full negative mass scan
(m/z range of 400-2000), which was followed by five UVPD events on
the five most abundant ions from the first event; the seventh event
was the full positive mass scan (m/z range of 400-2000), and that was

followed by five ETD events on the five most abundant ions from the
seventh event. The maximum ion injection time was 100 ms for both
full scan and MS/MS events. A dynamic exclusion duration of 50 s
was used with a list size of 500 allowed m/z values and a single repeat
count. ETD experiments used fluoranthene as the reagent anion and
a reaction time of 100 ms. CID, ETD, and UVPD spectra were the
average of 3, 5, and 10 microscans, respectively. UVPD spectra from
polarity switching experiments were the average of five microscans.
To allow both positive ETD and negative UVPD to be performed in the
same nanoLC-MS/MS run, a 1.8-mm hole was drilled in the ETD ion
volume to create a direct path for the excimer laser beam from the
optical window to the ion trap through the intervening ETD source.

The Halobacterium and HelLa samples were analyzed on a Thermo
Scientific Orbitrap Elite (Thermo Fisher Scientific, Bremen, Germany)
outfitted with a 193-nm excimer laser (same Coherent ExciStar XS
excimer as used in the procedures described above) and modified to
allow UV activation in the higher energy collision-induced dissociation
(HCD) cell of the instrument. Photodissociation was implemented in a
manner similar to that described previously (32, 33). LC separations
were performed using water (A) and acetonitrile (B) mobile phases
containing 0.05% acetic acid (pH ~ 4) on a Dionex Ultimate 3000
configured for pre-concentration with a loading solvent of 98% water,
2% acetonitrile, and 0.05% acetic acid. Trap columns (35 mm X 0.1
mm) and analytical columns with an integrated emitter (150 cm X
0.075 cm) were packed in house using IntegraFrit and PicoFrit cap-
illaries (New Objective, Woburn, MA) and 3 um Michrom Magic C18
packing material. Approximately 3 ng of digest was loaded onto the
trap at 5 ul/min for 3 min. For the Halobacterium digests, the solvent
composition remained at 3% B for 2 min before increasing to 7% B
over 10 min, then to 20% B over 180 min, and finally to 30% B over
25 min. The LC separations of the HelLa digests started with 2 min
running at 3% B followed by an increase to 7% B in 20 min, a further
increase to 17% B in 150 min, and a final gradient to 35% B in 45 min.
For nanospray, 1.7 kV was applied at a liquid voltage junction located
pre-column. One microscan was used for MS and MSn scans in all
experiments. lon trap automatic gain control targets were 30,000 for
full MS and 10,000 for MSn, and Fourier transform automatic gain
control targets were 1,000,000 for both full MS and MSn. The maxi-
mum ion time was 100 ms for MS and MSn.

All data-dependent nanoLC-MS methods on the Orbitrap involved
a Fourier transform full mass survey scan (m/z range of 400-2000) at
a resolution of 120,000 followed by a series of MS/MS scans on the
top 10 most abundant ions from scan event 1. The minimum signal
required for MS? selection was 4000, and the isolation width was
fixed at 2. Dynamic exclusion was enabled for 45 s with a repeat
count of 1 and a list size of 500 m/z values. For CID, a normalized
collision energy of 35 was used with activation q 0.25 and activation
time 10 ms. For HCD, the Fourier transform resolution was 15,000, the
normalized collision energy was 30, and the activation time was 0.1
ms. ETD was performed using fluoranthene reagent ions and an
activation time of 100 ms. For negative UVPD, a normalized collision
energy of 1 was used to transfer ions into the HCD cell, where two
2-mJ pulses were delivered over a period of 4 ms for activation.
Product ions from UVPD were detected in the Orbitrap at a resolution
of 15,000.

Data Analysis—The MassMatrix UVPD search algorithm was de-
veloped based on the MassMatrix search algorithms for CID and ETD
by adding new fragmentation pathways for UVPD. MassMatrix has
also been adapted to search MS data from negative mode and mixed
positive/negative mode LC-MS/MS equipped with one or more frag-
mentation methods. The scoring models involved in the new UVPD
algorithm are the same as those used for CID as described elsewhere
(27, 28, 34). Three independent statistical scores, pp, pp,, and ppy,g,
from the scoring models are used mainly to evaluate the quality of
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peptide-spectrum matches in MassMatrix. MassMatrix also features
a precursor filtering algorithm (including intact charge-reduced peaks)
to improve database search results for UVPD. For low mass accuracy
and low mass resolution UVPD tandem MS data, an automated
charge deconvolution algorithm was incorporated in MassMatrix to
resolve precursor charge states. Database search results from Mass-
Matrix are reported in HTML files. Protein and peptide match lists are
also exported to tables presented in .CSV text file format in Mass-
Matrix (version 2.3.4 or later) (29).

The RAW data files collected on the mass spectrometer were
converted to mzXML files by use of MassMatrix data conversion tools
(v3.9). For high mass accuracy and high mass resolution Orbitrap
data, isotope distributions for the precursor ions of the MS/MS spec-
tra were deconvoluted to obtain the charge states and monoisotopic
m/z values of the precursor ions during the data conversion. All data
were searched using an in-house MassMatrix web server (v2.4.2). The
search parameters in MassMatrix were set as follows: (i) enzyme:
trypsin; (i) missed cleavages: 2; (i) modifications: fixed iodoacet-
amide derivative of cysteine and variable oxidation of methionine; (iv)
precursor ion mass tolerances: 20 ppm for Orbitrap data and 2.0 Da
for LTQ data; (v) product ion mass tolerances: 0.02 for HCD and
UVPD tandem MS data on Orbitrap, and 0.6 Da for ion trap (CID, ETD,
and UVPD on LTQ) data; (vi maximum number of modifications
allowed for each peptide: 2; (vii) peptide length: 6 to 40 amino acid
residues; (viii) score thresholds of 5.3 and 1.3 for the pp/pp, and ppag
scores, respectively. Phosphorylation of serine, threonine, and tyro-
sine was set as an additional variable side-chain modification for
MAPK samples. The UniProt-SwissProt Human database (release
2011 06, 20,236 entries) was used for MAPK and Hela data sets,
and the Halobacterium sp nrc1 was used for Halo data sets. Pep-
tide and protein identifications were both filtered at a 1% false dis-
covery rate (FDR). Peptides that were shared by multiple proteins
were counted only once. Counted proteins that shared some com-
mon peptides had to have at least one unique peptide during protein-
level FDR calculation.

RESULTS AND DISCUSSION

Recently, we investigated the utility of using 193-nm UVPD
to sequence both singly and multiply charged peptide anions
(20). This method generated rich and predictable fragmenta-
tion patterns, with a-/x-type products being the most prolific
and abundant sequence ions, often yielding 100% sequence
coverage. Representative examples of the UVPD spectra are
shown in supplemental Figs. S1 and S2. A series of UVPD
spectra for three peptides from the Hela cell digest with
precursor charge states of 1-, 2-, and 3- are shown in sup-
plemental Fig. S1. Supplemental Fig. S2 shows an example of
a UVPD mass spectrum of one peptide from the LC-MS
analysis of the Halobacterium lysate. Abundant a and x ions
that afford 100% sequence coverage were observed follow-
ing a single UV pulse. The promise of this UVPD technique for
acidic proteome characterization, as highlighted in our initial
experiments, motivated us to create an automated searching
platform specific to UVPD. Thus, we modified the MassMatrix
algorithm to accept anion spectra and to incorporate UVPD
product ion specificity. This MassMatrix package can also
simultaneously search MS/MS spectra from multiple ion ac-
tivation methods (CID, UVPD, ETD/electron-capture dissoci-
ation, negative ETD, etc.), as well as ions of both polarities
(+/-), to maximize proteome coverage.

To test and validate MassMatrix searching of UVPD spec-
tra, we utilized three different sample types. The first two
samples were complex tryptic peptide mixtures from the cy-
tosolic portion of HelLa cervical cancer cells and Halobacte-
rium and were used to generate large peptide datasets for the
optimization of the search algorithm and comparison between
UVPD and other conventional fragmentation methods. The
predicted proteome of Halobacterium sp. NRC-1, an archaea
that flourishes in a high-salt environment, is highly acidic. It
has been used as a model system for probing prokaryotic
adaptation to extreme conditions. With a mean isoelectric
point of 4.9, Halobacterium is an ideal organism for evaluating
the negative polarity UVPD strategy for acidic peptides and
proteins. The third sample was a mixture of three MAPKs.
These proteins in effect regulate all cellular activity and thus
are thought to play key roles in cancer development (35).
Conveniently, the MAPKs utilized herein also yield many
acidic peptides after trypsin digestion, making them a useful
model for validating the negative-mode UVPD (NUVPD)
method.

Optimization of Fragmentation Pathways of UVPD for Mass-
Matrix Database Search— Fragmentation patterns of UVPD for
peptide anions are relatively complicated compared with CID
or ETD fragmentation of peptide cations. Manual inspection of
the UVPD peptide anion tandem mass spectra showed that a
and x ions were the two main ion series created by UVPD
fragmentation (20). However, other ions, including some y, z,
and a/x ions with hydrogen migration, also contribute signifi-
cantly to the tandem mass spectra generated via UVPD of
peptide anions. We have rigorously optimized the fragmenta-
tion pathways for UVPD. Supplemental Scheme S1 shows the
workflow diagram of the optimization strategy for develop-
ment of the in silico algorithm for UVPD. The workflow used an
iterative process to fully optimize the pathways for UVPD
anions.

1. We first started with the initial fragmentation pathways for
all peptides that considered only a and x ions based on the
basic knowledge of UVPD fragmentation.

2. We then built a search algorithm based on the common
pathways and searched two large data sets from the complex
Halo and HelLa proteome samples. Although the search algo-
rithm was based on non-optimized pathways, it successfully
identified high-quality peptide matches at a low FDR of 1%.
The FDR estimation was rigorously calculated based on the
gold-standard target-decoy search strategy (36).

3. Based on these high-quality peptide matches with very
low FDRs, we performed a statistical analysis to elucidate the
pathways in more detail.

4. Based on the statistical results, the initial pathways were
further refined and optimized.

5. We then repeated steps 2, 3, and 4 based on the refined
pathways until the statistical results were consistent with the
pathways that were used to generate the peptides for statis-
tical analysis.
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Fic. 1. The fragmentation behavior of
tryptic HeLa and Halo peptide anions
as determined via UVPD from the opti-
mized search algorithm in MassMatrix:
ion intensities of various product ions
normalized by total ion intensities of
the spectrum (after precursor and in-
tact charge-reduced peak filtering) for
tryptic peptide matches with FDR <
1% from (A) Halo and (B) HelLa pro-
teome samples. For the Halo proteome
sample, 14,802 peptide spectral matches
(PSMs) from 3663 unique peptides were
identified. Among them, 726 PSMs from
328 unique peptides were singly charged,
12,112 PSMs from 3121 unique peptides
were doubly charged, and 1964 PSMs
from 617 unique peptides were triply
charged. For the Hela proteome sample,
there were 7886 PSMs from 2349 unique
peptides identified. Among them, 232
PSMs from 121 unique peptides were sin-
gly charged, 5972 PSMs from 1991
unique peptides were doubly charged,
and 1682 PSMs from 568 unique pep-
tides were triply charged. Only one repre-
sentative PSM for each unique peptide
with a given charge state was used in
plotting the heat maps.

z1=3

To recap, starting with a base algorithm that included only
a/x ions, a subset of high-quality peptide spectral matches
using a 1% FDR was defined. Those same high-caliber UVPD
spectra were then re-inspected for other product ions that
could consistently be ascribed to other types of fragments
derived from in silico—generated pathways, such as b, c, y, z,
CO, losses, and hydrogen migrations. Identification of the
additional types of fragment ions allowed the original UVPD
spectra to be iteratively searched and the to be algorithm
trained. In this way, the algorithm was refined and expanded
to include a greater array of fragment ions consistently gen-
erated upon UVPD of peptide anions, and the spectral re-
inspection process triggered by strong a/x matches ensured
confidence that other non-a/x fragment ions in those same
spectra would in fact be meaningful diagnostic ions worthy of
assignment and tabulation. This iterative procedure ultimately
led to the identification of the predominant or favored path-
ways upon UVPD of peptide anions, including a/x, a+1/x+1,
and z+1, plus a few charge-state-dependent pathways, such
as a+2/x+2 for doubly and triply charged anions and several
observed consistently only for singly charged ions (c, y—1,
and y). These types of fragment ions are shown graphically as
heat maps in Fig. 1 and are discussed in more detail later.

For both the Halo and HelLa proteome samples used in the
pathway optimization, nanoLC-MS/UVPD was undertaken us-
ing a mobile phase system consisting of 0.05% acetic acid in
water and 0.05% acetic acid in acetonitrile. Because the use
of acetic acid as a mobile phase modifier/ion-pairing agent
results in an acidic mobile phase that limits the overall charg-

0% 1%

0%

ing of peptide anions, the charge state distribution is more
narrowly focused and decreases the overlap between peptide
species that co-elute and have the same m/z value. Interest-
ingly, no significant differences in overall ion abundances
were observed relative to those obtained using more basic
mobile phases; only the charge state distributions were dif-
ferent (data not shown). Furthermore, the use of an acidic
mobile phase system for negative ESI-MS analysis means
that no special equipment or columns are needed (i.e. the
same chromatographic system and conditions can be used
for both positive- and negative-mode proteome analysis).
Others have noted the ability to generate negative ions from
acidic solutions (37, 38), so this phenomenon is not
unprecedented.

In the 193-nm UVPD mass spectra of peptide anions, some
of the most prevalent product ions arise from sequential elec-
tron detachment events that create charge-reduced, radical
species. In addition, both precursor ions and charge-reduced
radical species undergo neutral losses of CO,. These prod-
ucts give no direct information about the peptide sequence.
From the statistical results of the initial searches considering
only a and x ions (as well as all the optimized pathways), we
confirmed that most of the peptide UVPD spectra were dom-
inated by intact precursor ions, charge-reduced precursors,
and radical precursor species with neutral losses of CO,. For
the Halo peptides, these precursor species contributed
74.4%, 63.4%, and 63.5% of the total ion abundance of a
UVPD mass spectrum on average for the 1-, 2-, and 3- charge
states, respectively. For the HelLa peptides, the contributions
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TABLE |
UVPD product ions with charge state selectivity that were incorporated into the MassMatrix algorithm

Product ion a/x a+1/x+1

z+1

a+2 X+2 c

Charge state selectivity All All All

2-/3- 2-/3- 1-

15000 1

Fic. 2. ROC curves of MassMatrix 12500 1

search results for UVPD of (A) Halo
and (B) HelLa tryptic digests. Searches
were performed before pathway optimi-
zation using only the a/x ion series with-
out any filtering and again after pathway
optimization using all product ions listed
in Table | and applying precursor/char-

10000 A

7500

5000

#True Positives

2500

—— After pathway optimization
— — Before pathway optimization

—— After pathway optimization
— — Before pathway optimization

ge-reduced peak filtering and CO, neu- 0
tral loss filtering.

from the non-dissociated precursors were 69.5%, 59.0%, and
57.4% for the 1-, 2-, and 3- charge states, respectively. These
precursor species give no direct information about the pep-
tide sequence and can significantly lower the specificity of a
database search. Therefore, we developed an automated fil-
tering algorithm to filter these ions prior to database search-
ing. The subsequent optimization of the UVPD pathways was
then based on the filtering of the precursor species.

To gain unbiased and statistically relevant insight into the
UVPD fragmentation behavior of peptide anions, we utilized
UVPD patterns from a large population of tryptic peptides
from Hela and Halobacterium cells and built an automated
in-house program written in Python to measure the frequen-
cies and intensities of various product ions during statistical
analysis in the optimization. The ion intensities defined by
each product ion normalized by the total spectral ion intensity
are plotted in heat maps for the Halo and Hela data sets (Fig.
1). The heat maps illustrate the overall importance of various
product ions for UVPD fragmentation. This statistical result
was considered consistent with the pathways used to gener-
ate the search results when all the product ions used in the
pathways were the ones of greatest contributions in the heat
maps. The pathways were refined iteratively until consistent
results were achieved. The heat maps of the final optimized
pathways for the Halo and Hela data sets are shown in Fig. 1
and are categorized by precursor charge state (1- through 3-)
and distribution of sequence ions a, b, c, x, y, and z. The
product ions considered in the final optimized pathways are
listed in Table I. The patterns of the heat maps of Halo and
Hela data are very similar and give identical optimized path-
ways. Basically, a/x, a+1/x+1, and z+1 ions were observed
with significant contribution to the UVPD spectra for all 1-, 2-,
and 3- peptides. a+2/x+2 ions were observed with signifi-
cance for those peptides with 2- and 3- charge states. c, y—1,
and y ions were observed with significance for singly charged
(1-) peptides only.

0 250 500 750 1000 1250 1500 1750 2000 0
#False Positives

1500 3000 4500 6000 7500 9000
#False Positives

(A) (B)

To test the benefits of this pathway optimization (i.e. auto-
mated precursor filtering (including intact charge-reduced
peaks)) and using UVPD-specific, complementary product
ions in addition to the a/x series, receiver operating charac-
teristic (ROC) curves were generated from these MassMatrix
search results of the tryptic Halobacterium and HelLa peptide
anions analyzed via nanoLC-MS/UVPD as shown in Fig. 2.
ROC curves were created by plotting the number of true
positives against the number of false positives as the score
thresholds decreased in the search results. An ideal database
search should return all true positives with scores higher than
all false positives and an ROC curve with a right angle. An
ROC curve shifted toward the left indicates higher specificity
(i.e. a better false positive rate for a given number of matches).
A curve shifted toward the top indicates higher sensitivity (i.e.
more true positives at a given false positive rate). It can be
seen in Fig. 2 that both the sensitivities and the specificities of
the searches were improved significantly after pathway opti-
mization, or filtering of precursor species and incorporating, in
addition to a/x ions, more product ions of significance. All the
subsequent results for negative UVPD are from the search
algorithm utilizing the optimized pathways. This MassMatrix
UVPD search algorithm with the optimized pathways is pub-
lically available online (version 2.4.4 or later).

Comparisons of Peptide and Protein Identifications by High
Mass Accuracy NUVPD, ETD, CID, and HCD—Tryptic digests
of the Halobacterium and Hela cell proteins were analyzed in
triplicate on the Orbitrap mass spectrometer via nanolLC-
MS/MS using NUVPD (-), ETD (+), CID (+), and HCD (+) (raw
files, protein match lists, and peptide match lists may be
accessed from the Peptide Atlas data repository using the
information provided in supplemental Tables S1 and S83).
Among these sets of results, the MS/MS product ions ob-
tained upon NUVPD (—) and HCD (+) were analyzed in the
Orbitrap analyzer with high mass accuracy and high mass
resolution. The product ions generated via ETD (+) and CID
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(+) were analyzed in the linear ion trap with low mass accu-
racy and low mass resolution. The results are summarized in
Tables Il and Ill in terms of the numbers of peptides and
proteins identified by each MS/MS method, as well as via
Venn diagrams (Figs. 3 and 4) that illustrate the intersection in
the identifications obtained with the various MS/MS methods.
With respect to the total number of peptides identified via
each method, 3663 and 2350 unique peptides were identified
via NUVPD for the Halo and Hela digests, respectively. This
represents fewer total unique peptides than identified via the

TaBLE Il
The number of unique peptides identified via various fragmentation
methods with FDR < 1%

UVPD (-) ETD (+) CID (+) HCD (+)
Halo 3663 1220 6088 7335
Hela 2350 1228 9716 10,121
TaBLE Il

The number of proteins identified via various fragmentation methods
with FDR < 1%

UVPD (-) ETD(+)  CID (+) HCD (+)
Halo 805 431 996 1051
Hela 659 381 1469 1656

CID or HCD methods (6088 to 10,121 peptides). However,
655 and 645 peptides were uniquely identified via NUVPD for
the Halobacterium and Hela digests, respectively, confirming
that UVPD analysis of peptide anions results in the mapping of
new regions of proteins. In terms of the corresponding protein
maps derived from the peptide identifications, the UVPD re-
sults led to the identification of 805 and 659 proteins for the
Halobacterium and Hela samples, again corresponding to
fewer total protein identifications than CID or HCD, but 49 and
50 proteins not identified via ETD, CID, or HCD were uniquely
found through NUVPD for the Halobacterium and Hela pro-
teomes, respectively (see Figs. 3 and 4). The ability to identify
~50 new proteins in a proteome is a significant advance
and is attributed to the ability of UVPD to generate inform-
ative MS/MS spectra from peptides that ionize efficiently in
the negative mode, ones that might not ionize effectively in
the positive mode, or give uninformative fragmentation pat-
terns in the positive mode. This is especially true for the acidic
proteome of Halobacterium, as we were able to identify 1181
total proteins by combining UVPD with other traditional
MS/MS methods (Fig. 4)—the most proteins identified to date
for this organism (to the best of our knowledge) (39, 40). The
1181 identified proteins covered 45% of the 2630 predicted
proteins from Halobacterium NRC-1 (41) and were identified

Fic. 3. The number of unique peptides identified via various MS/MS methods with FDR < 1% and Venn diagrams showing overlap
of peptide identifications for (A) Halobacterium and (B) HelLa tryptic digests.

ETD CID

(A)

HCD UVPD

ETD CID

(B)

Fic. 4. The number of unique proteins identified via various MS/MS methods with FDR < 1% and Venn diagrams showing overlap
of protein identifications for (A) Halobacterium and (B) HelLa tryptic digests.
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Fic. 5. Distributions of pl values of peptides identified via dif-
ferent MS/MS methods for merged data from both Halo and HeLa
proteome samples.

without the use of labor-intensive sample prefractionation
techniques.

The distributions of the pl values of the peptides identified
via each of the MS/MS methods are summarized in Fig. 5 as
shown by the probability density as a function of pl. Although
the general distributions parallel each other for all four acti-
vation methods, the probability density is significantly en-
hanced at the lowest pl values for the UVPD dataset. This
result reflects the greater ionization efficiencies of the more
acidic peptides in the negative ESI mode, leading to the
production of diagnostic fragmentation patterns upon UVPD
that facilitate identification. We anticipate that the enhance-
ment would be even greater using a high-pH mobile phase
that would significantly improve ionization in the negative
mode, and implementation of this strategy is underway. The
amino acid composition of the peptides identified via UVPD,
CID/HCD, and ETD was also determined and is summarized
in bar-graph form in supplemental Fig. S3. No significant
trends were discerned.

Automated Precursor Charge Identification for Low Mass
Accuracy UVPD Data—For low mass accuracy and low mass
resolution tandem MS data, the charge states of peptide
precursors usually cannot be resolved using precursor iso-
topic components, and thus multiple charge states of a pre-
cursor must be searched. Although the charge-reduced pre-
cursor ions in UVPD give no direct information about the
peptide sequence, their presence provides evidence about
the precursor charge state of the given peptide. Using this
information, we have developed a charge deconvolution al-
gorithm that automatically identifies the charge state. For
each UVPD MS/MS, the eight most abundant ions are iden-
tified such that each is sufficiently distinctive in m/z to repre-
sent a different ion. Using the precursor m/z value of the
spectrum, a list of offset values is created such that each
offset value represents a possible m/z value for the ion peaks
representing the charge-reduced radical species from elec-

tron detachment. Each m/z value depends on both a pre-
sumed precursor charge and the number of additional charge
reduction events, for which

(m/z of charge-reduced radical ion)
X (# of electrons detached)

(m/z of precursor ion)

Precursor charge =

(Eq. 1)

and for each precursor charge state (n) there will be a total of
n — 1 charge-reduction events. To identify the most likely
precursor charge of a spectrum, the most abundant ion peaks
in the mass spectra are compared with the calculated theo-
retical ion peak values and their CO,-loss counterparts via a
matched-peak count system. The tolerance for matching
peaks is set at 0.15% of the precursor m/z value. A score is
maintained for each possible charge, and when there is a
match, scoring increases. This increase is determined such
that ions of the same type are ranked by abundance in the
spectrum. When two charge states share the same score, the
lower absolute charge state is chosen. For example, ion
peaks from charge reduction of the precursor (without disso-
ciation) will have the same m/z for 2- precursors with one
electron detachment and 4- precursors with two electron
detachments. Thus, in this case, the lower charge state is
selected. Furthermore, compensation is made for precursors
with large m/z values whose charge-reduced analogs might
have m/z values outside the detectable m/z range. This pre-
cursor charge state assignment for low mass accuracy and
low mass resolution UVPD data has been incorporated into
the MassMatrix searching algorithm. The algorithm enables
MassMatrix to search only the interpreted charge state for
each low mass accuracy UVPD tandem mass spectrum,
which both increases searching selectivity and reduces
searching time. This algorithm is similar to other charge-state-
determining computational tools used for positive-mode ETD
(42-45) but is specific to the unique fragmentation behavior of
negative-mode UVPD.

As an example demonstrating the charge state determina-
tion method, nanoLC-MS/UVPD using a mobile phase gradi-
ent comprising 10 mm piperidine in water and 10 mm piperi-
dine in acetonitrile was used to analyze the MAPK mixture and
Hela tryptic peptides. Because the high basicity of piperidine
increases the overall charging of peptide anions, the accuracy
of the charge assignment can be tested over a wider range of
precursor charges when using this basic mobile phase. Sup-
plemental Fig. S4A illustrates the accuracy of the automated
charge state assignment algorithm for precursor charges 1-
through 5- verified by means of manual inspection. MS/MS
spectra with poor signal-to-noise were not included in the
figure, as it is anticipated that they likely would not result in
both accurate charge-state assignment and true positive
searching results. Supplemental Fig. S4B illustrates the accu-
racy of the automated charge-state assignment algorithm for
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precursor charges 1- through 3- verified by means of Mass-
Matrix database search. The systematic verification of the
algorithm using a MassMatrix database search was achieved
by comparing the charge states of the peptide spectral
matches (PSMs) at FDR < 1% from the MassMatrix database
search with the charge determination algorithm disabled to
the charge states of the same MS/MS spectra predicted by
the charge determination algorithm. As seen in supplemental
Fig. S4, the accuracy ranged from 86% to 100%, illustrating a
high level of reliability for the algorithm. Interestingly, the
majority of the incorrect charge state assignments from spec-
tra of good quality arose from the dissociation of multiple
peptide species with different charges but having the same
m/z value (i.e. ones that co-elute during LC separation). The
accuracy of the charge state algorithm was tested by under-
taking a search using high mass accuracy Orbitrap/UVPD
data sets for which the charge states were alternately as-
signed by the mass spectrometer software (using precursor
isotopes) versus the custom algorithm created for low mass
accuracy spectra. In terms of proteins matched, the charge
state assignments based on the custom (low mass accuracy)
algorithm led to 91% of the same protein matches as the
high-accuracy isotope-based algorithm for the HelLa data
sets and 98% of the same protein matches for the Halobac-
terium data sets. Translating this to the peptide level, the total
number of peptide spectral matches obtained for the Halo-
bacterium data set using the custom (low mass accuracy)
charge state assignment was 92% of the total number derived
from the isotope-based charge-assignment method. Exami-
nation of the charge states of the peptides indicated that 75%
of the missed charge state assignments were for the 3-
charge state, and 25% were for the 2- charge state.
Verifying MassMatrix Interpretation of Peptide Anion Popu-
lations by Means of Low-resolution UVPD—The accuracy and
specificity of the MassMatrix UVPD search algorithm was also
assessed for low-resolution, low mass accuracy UVPD on a
linear ion trap using a tryptic mixture of three MAPK proteins
analyzed via nanoLC-MS/MS. As mentioned previously, the
MAPKSs vyield many acidic peptides after trypsin digestion,
making them a useful model for method verification. An acidic
mobile phase system (acetonitrile/water/acetic acid) was
again used for this aspect of the study, and the resulting base
peak chromatogram for one of the runs is shown in supple-
mental Fig. S5. A search was conducted against the UniProt-
SwissProt Human database using MassMatrix, and the top
three hits were the accurate identification of the three MAPKs
(MAPK 14, MAPK 1, and MAPK 9). The sequence coverage for
MAPK 14, MAPK 1, and MAPK 9 was 52%, 36%, and 28% at
FDR < 1%. When comparing the same MAPK mixture by
positive-mode CID, the sequence coverage for MAPK 14,
MAPK 1, and MAPK 9 was 47%, 49%, and 43% at FDR <
1%. Interestingly, only 3899 MS/MS spectra were collected
for UVPD, whereas 15,760 MS/MS spectra were collected for
CID. This decrease in collection rate for UVPD is due to the

decrease in signal intensity inherent in the LTQ instrumenta-
tion for negative-mode analysis relative to positive mode;
thus, more averages are needed per MS/MS spectrum, injec-
tion times are increased, and the overall sensitivity is lower. In
order to take advantage of data from both positive and neg-
ative analysis, the new MassMatrix setup is capable of mixing
and matching information from various positive- and nega-
tive-mode MS/MS techniques and combining the data into a
single search, which can improve the overall data quality.
When the CID and UVPD nanoLC-MS/MS runs for the MAPK
mixture were combined, the sequence coverage improved to
52%, 49%, and 45% for MAPK 14, MAPK 1, and MAPK 9,
respectively (raw files, peptide match lists, and protein match
lists may be accessed from the Peptide Atlas data repository
using the information provided in supplemental Tables S2 and
S3).

Positive/Negative Polarity Switching for Simultaneous Se-
quencing of both Anion and Cation Peptides— The strategy of
accumulating MS/MS data for both positive and negative ions
via alternating scans in a single LC-MS/MS run has been
demonstrated previously for screening drugs in biological
matrices, ultimately yielding high sensitivity and structural
information (46). Such dual-polarity alternating MS/MS meth-
ods have not been routinely exploited for peptide sequencing,
for several reasons. As mentioned above, CID studies of
peptide anions do not reliably produce highly diagnostic
spectra, instead promoting uninformative and unpredictable
neutral losses. The electron-based activation methods are
likewise not readily amenable to dual-polarity studies, requir-
ing either unique chemical reagents or different instrument
specifications to generate electron-donating versus electron-
accepting reagent ions (12, 16, 17). In contrast, UVPD re-
quires no re-tuning or re-optimization when switching be-
tween positive and negative ion modes and can be easily
coupled to a variety of standard positive-mode dissociation
techniques (CID, ETD, etc.). Also, the new MassMatrix algo-
rithm described herein offers the ability to automate the se-
quencing of both peptide cations and anions in single LC-
MS/MS runs. The success of these polarity-switching
experiments will depend on the combination of MS/MS meth-
ods used, as well as the particular sample being analyzed
(acidic versus basic peptide populations). In terms of positive-
mode MS/MS, ETD has been shown to yield high peptide
sequence coverage and has demonstrated significant suc-
cess for characterizing acidic post-translational modifications
such as phosphorylation (47); however, this technique has a
significant bias toward the identification of highly basic pep-
tides (48). We anticipated that negative UVPD could comple-
ment ETD to improve the identification of the more acidic
peptides in complex mixtures via a polarity-switching LC-
MS/MS strategy. To test our hypothesis, tryptic peptides from
the cytosolic fraction of Hela cells were analyzed via polarity-
switching nanoLC-MS/MS utilizing ETD for cation sequencing
and UVPD for anion sequencing. A mobile phase system
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using acetic acid was again used, and the extracted negative
and positive polarity base peak chromatograms are illustrated
in supplemental Figs. SBA and S6B, respectively. Supplemen-
tal Figs. S6C and S6D show examples of UVPD and ETD
MS/MS spectra from the polarity-switching experiment that
were used by MassMatrix to successfully identify HeLa tryptic
peptides (e.g. the more acidic GDLGIEIPAEK from pyruvate
kinase isozyme and the more basic KQSLGELIGTLNAAK from
triosephosphate isomerase). The raw MassMatrix output for
this experiment is shown in supplemental Table S1.

To investigate the extent to which UVPD aided ETD in
improving proteome analysis, MassMatrix was used to search
ETD spectra alone and then when combined with negative
UVPD spectra for the LC-MS data shown in supplemental Fig.
S7. Supplemental Fig. S7A illustrates the sequence coverage
of proteins identified via positive ETD only versus that of
proteins identified via positive ETD plus negative UVPD. As
seen in supplemental Fig. S7A, a notable increase in se-
quence coverage was observed when negative UVPD was
combined with positive ETD for more than 150 identified
proteins. Also, the number of post-translational modifications
increased from 669 to 1271 at a FDR < 1%, and the number
of unique peptide identifications increased from 515 to 687 in
favor of the combined MassMatrix UVPD(—)/ETD(+) search,
as seen in supplemental Fig. S7B (raw data, peptide match
lists, and protein match lists may be accessed from the Pep-
tide Atlas data repository using the information provided in
supplemental Tables S2 and S3). These findings establish a
compelling benchmark for obtaining high sequence informa-
tion of both acidic and basic peptides via alternating positive/
negative MS/MS scans in the same chromatographic run.

CONCLUSION AND OUTLOOK

We have presented a modified MassMatrix algorithm that
allows database searching of negative polarity MS/MS data
and which has been adapted for the highly diagnostic frag-
mentation arising from UVPD of peptide anions. Owing to the
fact that MassMatrix accepts the common mzXML file format
(as well as mzData and MGF), essentially any LC-MS/MS data
set can be processed, regardless of the instrument make or
model. The UVPD pathways in MassMatrix were statistically
optimized using two large data sets with high mass accuracy
and high mass resolution for both MS" and MS? data acquired
on an Orbitrap mass spectrometer for complex HelLa and
Halo proteome samples. Filtering precursor species and in-
clusion of the additional diagnostic product ions (in addition to
a/x ions) from UVPD give rise to higher sensitivity and spec-
ificity and lower false discovery rates in database searches.
UVPD of peptide anions from tryptic digests of Halobacterium
or Hela cell lysates led to the identification of more unique
peptides and proteins not found by means of conventional
CID, HCD, or ETD in the positive mode, underscoring the
potential strategic benefits of extending sequence coverage
by utilizing both positive and negative modes. The benefit of

UVPD was especially highlighted in the analysis of the acidic
proteome of Halobacterium, as 45% of the predicted proteins
were identified by combining the negative-mode UVPD
method with traditional positive-mode MS/MS techniques
(without sample prefractionation). UVPD alone identified 68%
of the 1181 proteins found for the Halobacterium samples.
Moreover, UVPD of peptide anions in combination with ETD of
peptide cations in alternating scans affords a substantial in-
crease in sequence coverage.
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