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PSD does not usually generate a complete series of y-type ions, particularly at high mass, and this is a
limitation for de novo sequencing algorithms. It is demonstrated that b, and bs ions can be used to help
assign high mass xy_» and xy_3 fragments that are found in vacuum ultraviolet (VUV) photofragmentation
experiments. In addition, vy-type ion fragments with side chain loss from the N-terminal residue often
enable confirmation of N-terminal amino acids. Libraries containing several thousand peptides were
examined using photodissociation in a MALDI-TOF/TOF instrument. 1345 photodissociation spectra with
a high S/N ratio were interpreted.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

An important component of characterizing biological systems
is protein identification [1-3]. Peptides are typically generated
by enzymatically digesting proteins and analyzed using a variety
of chromatographic and mass spectrometric (MS) methods [4-7].
Most often, the products of peptide ion fragmentation are identi-
fied by comparison with predicted fragments derived from protein
sequence databases. In this approach, precursor masses are used
to pre-filter peptide candidates. There are several database search
engines available such as Mascot [8], Sequest [9], X!Tandem [10],
Spectrum Mill [11], Omssa [12] and others [13-20]. One limi-
tation to this method is that it is only applicable to organisms
with sequenced genomes. Incomplete or incorrect databases can
preclude identification or lead to errors [21]. In addition, pep-
tides with unexpected post-translational modifications (PTM) are
a challenge since their precursor masses are shifted. The study
of post-translational modifications is important for investigating
the functions of proteins. It is generally recognized that de novo
sequencing can alleviate some of these problems. In this approach,
peptide sequences are directly derived from mass spectromet-
ric data without the use of a protein database. Mass differences
between appropriately chosen peaks in spectra are measured and
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interpreted. Several de novo sequencing algorithms such as PEAKS,
PepNovo, and MSNovo have been developed to interpret low-
energy CID spectra [22-28]. Since they rely on mass differences,
a complete series of fragment ions is essential. Unfortunately, most
CID spectra do not provide complete sequence information due to
preferential bond cleavages and spectra are often dominated by
a limited number of peaks [29]. This makes de novo sequencing
difficult. Likewise, different types of ion fragments must be dis-
tinguished for this approach to be successful. Incorrect fragment
assignments can lead to peptide sequence errors. Finally, isomeric
leucine and isoleucine, which together typically represent more
than 16% of the amino acids in a database, are not distinguished by
low-energy fragmentation [30].

Various fragmentation techniques have been developed to gen-
erate more complete sequencing information [31]. For example,
electron capture dissociation (ECD) and electron transfer dissocia-
tion (ETD) are now widely used [32,33]. These two radical-induced
processes generate a series of c- and z*ions [34,35]. The frag-
ments from ECD and ETD can be employed for de novo sequencing
since they extend through entire sequences except N-terminal to
proline [36]. C-type ions are 17 Da heavier than corresponding b-
type ions and y-type ions are 16Da heavier than z*-type ions.
Therefore, the combination of CID with ECD or ETD data yields
b/c and y/z*ion pairs that can confirm peak identifications and
improve the confidence of sequencing results [37-39]. However,
ECD and ETD require multiply charged ions formed by ESI and not
by MALDI. High-energy CID fragmentation is an alternative that
improves fragmentation yields and produces more fragment ions
than low-energy CID. High-energy CID also produces side chain loss
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Table 1
Composition of synthetic peptide libraries.

1 2 3 4 5 6 7 8 9 10 11 12 # of peptides
N T M I L S I C T R
BB10A E L A D H E P \Y L K 5184
G Y G Q
Y Q A \Y G P N P G I R
BB11A A T E H L S T L S E K 4608
I F
G N D I G H P E M Q A R
BBI2A g L A S v s T v L T s K 4096
fragments including w-type ions that distinguish leucine and 2. Experiment
isoleucine [40,41]. However, high-energy CID also generates an
abundance of internal fragments particularly in the low-mass 2.1. Materials
region and sequence information is still typically incomplete. In
MALDI TOF/TOF experiments, the most common fragmentation Acetonitrile (ACN) and trifluoacetic acid (TFA) were

process is post source decay (PSD) that involves precursor ion
fragmentation during its flight in the mass spectrometer [42,43].
PSD typically generates a-, b- and y-type ions. Because it is not
very efficient, PSD rarely provides a complete series of peptide
fragments.

We have shown that 157 nm photodissociation generates abun-
dant high-energy peptide ion fragments along the entire backbone
[44-49]. It produces a series of x-type ions for peptides with C-
terminal arginine or C-terminal lysine, if the lysine is converted
to homoarginine by guanidination [44,50,52]. Abundant v- and w-
type ions are also observed enabling leucine and isoleucine to be
distinguished. Photodissociation has been implemented in a com-
mercial MALDI-TOF/TOF instrument and high quality spectra are
generated with this sensitive mass spectrometer [50]. Postsource
decay (PSD) spectra can be recorded with the photodissociation
light turned off. A de novo sequencing algorithm that combines pho-
todissociation and PSD data has been developed [51]. It exploits
relationships such as the 26 Da spacing between x- and y-type
ions to identify X/y ion pairs. Mass differences between adjacent x-
type ions lead to peptide sequence information. The identification
of corresponding v- and w-type ions increases the confidence of
sequence assignments. The algorithm has been successfully applied
to the identification of Deinococcus radiodurans ribosomal proteins
[52]. Five or more residues were sequenced in 298 ribosomal pep-
tides using this sequencing algorithm. One shortcoming that was
uncovered is that the N-terminal regions of tryptic peptides are
often incompletely sequenced. This is a consequence of the lim-
ited number of high-mass y-type ions that are detected leading
to a limited number of high-mass x/y pairs. In order to improve
the de novo sequencing algorithm and further investigate photodis-
sociation propensities, three libraries containing several thousand
peptides were synthesized. The libraries contain peptides with
10-12 residues all with C-terminal arginine or lysine. Each of the
three peptide library mixtures was chromatographically separated
and analyzed in both photodissociation and PSD modes in our
MALDI TOF/TOF instrument. Since the MALDI ionization efficiency
of lysine-terminated peptides is not as high as it is for arginine-
terminated peptides, very few of the former were detected, and
none of that data is included in this study. Although guanidination
of lysine eliminates these problems [52], for the present mechanis-
tic study, it was simpler to just analyze the arginine-terminated
peptides. Because the library peptide sequences are known and
there are no post-translational modifications, the number of false
positive identifications should be limited and the effect that vari-
ous residues have on photodissociation propensities can be directly
probed. The observations of low-mass b-type ions and high-mass v-
and w-type ions that are discussed below should lead to improve-
ments in peptide de novo sequencing.

obtained from EMD chemicals (Gibbstown, NJ). a-Cyano-4-
hydroxycinnamic acid (CHCA) was purchased from Sigma (St.
Louis, MO) and Protea Biosciences (Morgantown, WV). Phenylac-
etamidomethyl (PAM) resin beads were bought from Midwest
Biotech (Indianapolis, IN). 3-(Diethoxy-phosphoryloxy)-3H-benzo
[d][1,2,3]triazin-4-one (DEPBT) and N-tert-butoxycarbonyl (Boc)-
protected amino acids were obtained from National Biochemicals
(Twinsburg, OH).

2.2. Peptide synthesis

Three peptide libraries ranging from 10 to 12 residues in length
were synthesized [53]. The sequences of components are listed
in Table 1. A total of 13,888 sequences were represented in the
three libraries. The hydrophobicity distribution of each library was
designed to imitate the peptides from human protein tryptic digests
[53].The peptides were synthesized following common solid-phase
synthesis and split-and-mix techniques [54]. The synthesis started
with PAM resin beads with arginine preloaded. 10-fold molar
excess of Boc-protected amino acids and DEPBT was added to the
vessel containing PAM resin beads to assure that all the resin was
coupled with the appropriate amino acid. Then the beads were
divided into equal portions and transferred to separate vessels in
order to incorporate multiple residues at one position. The coupling
of the next amino acid took place in individual vessels with the
presence of Boc-protected residues and DEPBT at a 10-fold molar
excess. When the synthesis was complete, peptides were cleaved
from the resin and lyophilized.

2.3. LC separation and MALDI spotting

The three synthetic libraries were chromatographically sepa-
rated and analyzed respectively. Synthetic peptides were separated
by reverse phase chromatography (Eksigent nanoLC-2D System,
Dublin, CA) and spotted onto MALDI plates using a robotic spot-
ter (Eksigent, Dublin, CA). Mobile phase A was 100% water with
0.1% TFA and mobile phase B was 100% acetonitrile with 0.1%
TFA. The spotter combined matrix solution containing 10 g/L CHCA
in 70% acetonitrile, 30% water and 0.1% TFA with the reverse
phase effluent. The flowrates of the nanoLC and matrix solution
were 600 nL/min and 300 nL/min respectively. 9 L of 0.2 mg/mL
sample was loaded into the column (~0.3 pmol of each pep-
tide). 0.6 wL spots were deposited every 40s. Most peptides
were deposited onto one or two spots, so each spot contain
0.1-0.3 pmol of each peptide. The reverse phase gradient lasted for
120 min.
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2.4. MALDI TOF/TOF mass spectrometry

Samples deposited on MALDI plates were analyzed by our
modified 4700 MALDI TOF/TOF instrument (Applied Biosystems,
Framingham, MA) that has previously been described [50]. Mass
spectra were first collected using the reflectron-TOF. Photodisso-
ciation was performed by vacuum ultraviolet light (VUV) from an
F, laser (Coherent Lambda Physik, Germany). Peptide PSD spectra
were separately collected with the VUV light turned off. In either
photodissociation or PSD experiments, the 10 most intense precur-
sor ions with S/N above 80 from each MALDI spot were selected and
isolated by a timed ion gate. Precursor ions, photofragments and
PSD fragments all contributed to photodissociation spectra. A total
of 2000 shots were averaged for each photodissociation and PSD
MS/MS spectrum. For de novo sequencing, peak lists were extracted
from both sets of data. The threshold for the software’s automated
peak detection was set at a signal to noise ratio of 10.

2.5. De novo sequencing

A de novo sequencing program was previously developed to
derive peptide sequences from photodissociation and PSD data
[51,52]. The de novo sequencing algorithm combines peak lists from
photodissociation and PSD data to identify x/y ion pairs. As noted
above, for the lysine terminated peptides, the ionization yield in
MALDI source is low and thus the precursors of these peptides are
low in abundance. Therefore, no attempt was made to sequence
lysine-terminated library peptides. In a previous investigation we
photodissociated ribosomal peptides from D. radiodurans and these
data provided access to some sequences not present in our peptide
libraries [52]. These peptides were guanidinated so they yielded
intense MALDI signals. Two examples of these spectra are included
in the present study. For the peptides with C-terminal arginine,
the spectra contain numerous x- and y-type ions. Although y ions
appear in both PD and PSD spectra, X ions only occur in the for-
mer. The program looks for x-type ions from photodissociation data
that are 25.98 Da heavier than y-type ions found in PSD spectra.
The spacing between adjacent x-type ions identifies an amino acid.
The presence of corresponding v-, w- and y-type ions enables the
confidence of sequence assignments to be estimated. If an x/y ion
pair is missing, a gap is left in the sequence. A homology search
program was developed to identify peptides by matching partial
de novo sequences against a database that included all peptides in
the library. Precursor masses with a tolerance of 0.3 Da are used
to confirm homology matches. 80-90% of the peptide residues are
typically derived with the de novo sequencing algorithm. Fragment
ion mass accuracy was assumed to be 0.3 Da.

2.6. Mascot search

The database search engine Mascot was also used to match
photodissociation data with the peptide library sequence database
assuming tryptic digestion with no missed cleavages and the same
0.3 Da mass error. Fragments including a-, b-, X-, y-, y-NH3-, y-H O,
w- and v-type ions were all considered by Mascot. Peptides with
Mascot scores above 40 were considered to be confident identifi-
cations.

2.7. Candidate b-x ion pairs

There are two steps to identify candidate b, /Xy_> and bsz/xy_3
pairs. First, the 20 amino acids lead to 400 or 8000 different possible
b, or bz sequences. However, leucine and isoleucine are isomers
and some b, or bz ion masses with different sequences differ by
less than 0.0001 Da and for all practical purposes their masses can
be considered identical. The error tolerance to assign b, or bs ions

was set as 0.1 Da since low-mass b ions are usually measurable to
about 0.05 Da. Only 177 and 1484 b, and b3 ion masses that differ
by more than 0.0001 Da exist. The observed peaks in a spectrum
are compared with these 177 or 1484 precomputed theoretical
mono-isotopic m/z values. When a peak mass matches one of these
numbers to within 0.1 Da, it is considered as a candidate b, or bs
ion. The sum of the mass of a b, ion and its complementary Xy_p
ion is 26.99 Da larger than the precursor mass. This relation is used
to search for a tentative xy_, ion fragment. An attempt was made
to estimate how often false b-x ion pairs were detected using this
approach. Spectra were divided into two groups based on Mascot
peptide identifications. In the first group, Mascot identified b, /xy_2
or bz/xy_3 pairs and in the second group of spectra, none were
found. Results of comparing the two groups to estimate the number
of random matches are discussed below.

3. Results and discussion
3.1. De novo sequencing

Each synthetic library was chromatographically separated and
MALDI ionized respectively. lon fragmentation occurred from post-
source decay and was induced by VUV photodissociation. Fig. 1
shows MS/MS spectra for a typical library peptide, EGADLSIVTR
generated by these two processes. The PSD spectrum contains low-
energy fragments including a-, b- and y-type ions. In addition to
these, photodissociation produces x-, v- and w-type ions. (Note
that with our apparatus, PSD products necessarily appear in pho-
todissociation spectra, sometimes with higher and sometimes with
lower intensities than in the PSD spectrum.) Isoleucine and thre-
onine each have two different -substituents on their side chains
and as a result can produce two types of ions - w, and wy,. How-
ever, the latter is normally much lower in intensity than the former.
This means that the ethyl group loss of isoleucine and the hydroxyl
group loss of threonine are usually favored in photodissociation,
and this is the case in Fig. 1. PSD yields y; to yg as well as yq
ions. However, y; and yg are missing. Consequently our de novo
algorithm recognizes only six consecutive x/y ion pairs along with
the xg, yg pair leading to a partial sequence of [372.230] LSIVTR.
In this notation, [372.230] represents the mass gap between the
sequenced portion of the peptide and the precursor mass. Obser-
vation of v;, v3 and vs ions confirms threonine, valine and serine
assignments. The w4 and wg fragments also distinguish leucine and
isoleucine in the peptide. Nevertheless, the program fails to identify
the four N-terminal residues. Thus, although photofragmentation
provides a complete series of x-type ions from X1 to Xg, the absence
of high-mass y7 and yg PSD ions that would confirm the identities
of x7 and xg leads to a sequencing gap. This is consistent with our
previous observation that high-mass y-type ions are often missing
[52]. Other data interpretation strategies are therefore needed to
confirm the identities of large x-type ions.

3.2. Synthetic peptide libraries

The three synthetic libraries of peptides were studied to extract
photofragmentation rules that might improve de novo sequencing.
The synthetic libraries contain equal numbers of peptides with C-
terminal arginine and lysine. However, as noted above, data for
only arginine-terminated peptides were interpreted in this study.
Although it would have been helpful to have spectra with intense
fragments, each synthetic library contained thousands of peptides
with similar sequences and the same length (Table 1), so the pep-
tides could not be completely separated. As a result, many peptides
with similar masses were deposited on the same MALDI spot and
ionization competition led to some low precursor ion intensities.
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Fig. 1. Photodissociation (PD) and postsource decay (PSD) spectra of EGADLSIVTR.

Photodissociation spectra generated from these precursors con-
tained correspondingly weak peaks. Because each MS/MS spectrum
was recorded by averaging 2000 laser shots, repeating this pro-
cess for the ten most intense precursor ions largely consumed a
MALDI spot. Therefore, the last few photodissociation spectra from
each spot tended to be mediocre. Moreover, the automated process
of depositing MALDI spots could split some peptide samples onto
adjacent spots, also weakening precursor ion signals. Thus, while
synthetic peptide libraries are in principle attractive for study-
ing peptide fragmentation, the experiment was still challenging.
Reflecting this, when Mascot was applied to interpret photodisso-
ciation MS/MS spectra, only 1345 of the 6944 arginine-terminated
peptides in the three libraries were identified with scores above
40. The 1345 spectra were used to derive some new insights
about photofragmentation. These include a new appreciation for
the ubiquity of low-mass b-type ions in VUV photodissociation
spectra, and the surprising observation of vy- and wy-type ions
(where N is the number of residues in the peptide). Similarly, the
library data hint at an unexpected enhanced fragmentation of pep-
tides next to threonine but only when it is close to the peptide
N-terminus. Finally, Y-type ions (that are 2 Da lighter than their
y-type counterparts) were found to be much more abundant in
photofragmentation data than had been previously reported. A
complete discussion of these observations follows.

3.3. Assignment of high-mass x-type ions using b, and b3 ions

b, ions are commonly formed by low-energy activation of pep-
tide ions [55,56]. Fig. 2 shows an example of PSD-generated b, and
bs ions. In this case, their intensities increase with photofragmen-
tation. In the 1345 photodissociation spectra of synthetic peptides
identified by Mascot, numerous small b ions appeared. Table 2 indi-
cates that 1337 and 1297 of these spectra contain b, and bs ion
peaks, respectively. Over 96% of photodissociation spectra contain
both. The b, and b; ion intensities depend somewhat on peptide
sequence. In our synthetic libraries, 14 and 32 different sequences
for b, and bs ions, respectively, were represented. In addition, the
libraries contain a variety of different third and fourth residues that
could affect b, and bs ion fragmentation. Intensities of b, and bs

ions were extracted from our 1345 peptide spectra and normalized
with respect to the sum of the intensities of all assigned peaks.
Results are displayed in Fig. 3. The numbers of identified b, or
bs ions for each sequence are also noted in the figure. The pep-
tide detection exhibits some sequence preference probably due to
ionization competition. Therefore, some N-terminal sequences are
rarely detected. For example, very few peptides with N-terminal
sequences NTM and GND were found resulting in very few b, ions.
Likewise peptides with N-terminal sequences NTMI, NTMD, GNDS,
ETMD, ATAH, AQIH and AQEH yielded almost no bz ions. How-
ever, fragmentation propensities can still be derived from other
sequences. Fig. 3a displays 32 different b, ions, their sequences

200 400 600 800 1000
PSD
y1
8 9
b2 b3 , y y
I A
Ll L IR TR N
' I ' I ' I
200 400 600 800 1000

Fig. 2. by, b; ions and complementary x- and y-type ions in the photodissociation
(PD) and postsource decay (PSD) spectrum of NLADLGIQLR.
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Table 2
Number of spectra for which various fragment ions were observed.
b XN-2 YN-2 bs XN-3 YN-3 by /Xn-2 YN-2/XN-2 b3/Xn-3 YN-3/XN-3
# of peptides 1337 1076 318 1297 1125 485 1053 247 1056 368
a b yrov ——11/1196] :
YTiI-H e [8/1496] L §
YTE-V | ees—i [30/30/96] 5
YTE-H == [10/16:96] \
YT [25/25/192) NTAY s [14/14/96] :
YT-E [46/46/192] YTAH e [10/17/06]
E 21/21/96]
YT-A e [31/31/192] Yar-v _fﬁ [
YQ- o [49/49/192) YQI-H  ——— [28/28/96] .
YoE | [00,90/192) YQE-V [52/52/96]
voa i [3434/192] YQE-H e [38/38/06] e ‘
1 , 1 YQAa /819 3
NT-M | + [13/13/216] QAH  — [26/26196] :
NT-A | ——— [69/69/216] Nt —— [10110772]
NL-M ] [24/247216] NTM- j_ [1/172]
NL-A [126/126/216] NTM-D m [12772]
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Fig. 3. Normalized intensities of (a) b, ions; (b) bs ions with various sequences and different residues to provide amine groups for cleavage bonds. In square brackets, the
numbers specify the number of [identified b, ions/identified peptides/peptides in libraries] respectively.
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and the number of different peptides from which they derived. It
is obvious that peptides with glycine or threonine on the second
residue from the N-terminus residue show relatively low b, ion
intensities compared to glutamine, especially when isoleucine is
next to glutamine. However, b3 ion intensity seems to depend more
on the fourth residue in the peptide (Fig. 3b). No peptide with GLDS
sequence at its N-terminus was found with a Mascot search score
above 40 even though 128 peptides in the libraries contain this N-
terminal sequence. 75 identified b; ions are listed in Fig. 3b. Bars
for which standard deviations are not noted correspond to cases
for which only a single peptide was detected. Peptides containing
aspartate or histidine at the fourth position produce relatively weak
or no bs ions.

It has been noted above that missing high-mass x/y pairs lead
to de novo sequencing failures even when photodissociation pro-
duces complete x-type ion series. Table 2 indicates that 1076 out of
1345 confidently detected peptides yielded xy_, photofragments,
while only 318 yielded corresponding yy_; ions (where N is the
length of the peptide). Analogously, Xy_3 ions were observed for
1125 out of 1345 peptides but yy_3 ions were detected in only 485
cases. Because of their high abundances, b, and b3 ions can help
identify x-type ions. It is well known that the sum of a b, and a
complementary yy_, ion is the precursor mass plus 1.01 Da. Like-
wise, the sum of a b, -type ion and its complementary xy_,-type ion
is 26.99 Da larger than the precursor mass. This relation can there-
fore be applied to identify corresponding high-mass x-type ions.
As indicated in Table 2, in these 1345 photodissociation spectra,
1053 by /xn_2 and 1056 b3 /xy_3 ion pairs can be recognized, while
only 247 Xn_2/Yn_2 and 368 xy_3/yn_3 ion pairs are found. This sug-
gests that the identification of by /xy_» and b3 /xy_3 ion pairs can be
much more effective for high-mass x-type ion confirmation. How-
ever, to exploit these ion pairs for sequencing, they must first be
correctly identified. Random combinations of peaks can possibly
satisfy the above mass relations. Internal fragment ions of a given
sequence have the same mass as b, and bs ions of that sequence. In
order to determine how often random ion pairs satisfy the relation
bp +XN_p=M+26.99 (where M is the precursor mass), a program
was developed to search for the by/xXy_> and bs/xy_3 ion pairs in
photodissociation data. The 1345 spectra with confident Mascot
identifications were examined. All low-mass fragment ions were
compared to a list of the 177 unique b, and 1484 bz ion masses
mentioned above. All matches were included in a list of poten-
tial by/b3 candidates. The program then tested each one of these
ions by looking for complementary high-mass peaks that could be
summed with the candidate b,/ b3 ions to yield the precursor mass
plus 26.99 Da. The numbers of false b, /xy_» and bs/xy_3 ion pairs
uncovered by this procedure are plotted in Fig. 4a and b respec-
tively. In each case, the abscissa is the number of false matches
and the ordinate shows the number of peptides (i.e., spectra) that
contained this number of false matches. It can be concluded that
more than 90% of the 1345 spectra have four or fewer false by [xXy_>
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Fig. 4. The number of spectra containing various numbers of false b/x ion pairs. (a)
b2 /Xn_2 ion pairs; (b) bs/xy_3 ion pairs.

matches and over 700 spectra have zero or one false identifica-
tion. Likewise, about 90% of the spectra yield five or fewer false
b3 /xn_3 matches and about half have two false matches or fewer.
One ameliorating factor is that in this peptide library study, more
than one precursor may be contributing to some spectra due to the
wide ion isolation window. In that case, some spectra may have
more than one legitimate b, /Xn_> or b3/xy_3 ion pair. Although this
procedure has found multiple false b/x ion pairs, one other check
can be applied to the data: the Xy_1/XnN_2, XN_2/XN_3 and Xy_3/XN_4
mass spacings should match the mass of some amino acid. Appli-
cation of these constraints will increase the number of valid x ion
identifications and reduce the number of false positives.

It has been reported that accurate masses of dipeptides can
be used to extract sequence information for peptide identification
[57].In the present case, the residues in potential b, ion candidates
can be identified if the masses of these fragment ions are mea-
sured accurately enough. All the peptides in our synthetic libraries
are arginine-terminated and all of the spectra containa 175.117 Da
y; ion. Therefore, this mass can be used as an internal calibrant.
The Data Explorer software from ABSciex was capable of recali-
brating the spectra using a peak assigned with an accurate mass.
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Fig. 5. Comparison of the accuracy of identifying b, and b; fragments before and after recalibration of spectra using y; ions.
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Table 3
Percentage of wy, vy, Vn:+1 and xy_1ions for various N-terminal amino acids.

N-terminal residue Wy VN VN+1 VN+2 XN-1

Asn® 69% 46% 15% 93%
Glu? 42% 90% 89%
Ala? 28% 20% 86%
Tyr 51% 85% 44%
Phe? 72% 76%
Gly? - - - - 51%

AspP X
Leu®

Ileb

Valb

HisP

TrpP

GlnP

Ser®

Thrb

Metb

KX X X X X X X X

XX X X X X
x

2 Peptides derived from synthetic libraries.
b peptides derived from D. radiodurans ribosomal proteins. x indicates that the
fragment is present. - indicates ions that cannot be formed for N-terminal glycine.

Since the calibrant massis 175.117 Da, the recalibration particularly
improves the mass accuracy of the low-mass region. We investi-
gated the accuracy with which b, and b3 ions could be measured
before and after spectral recalibration using y; as internal stan-
dard. The results for 100 typical spectra are displayed in Fig. 5.
Before recalibration, only about half of the b, and b3 measured
masses were within 0.02 Da of their correct values. After y; recali-
bration, about 95% of b, and bs ions were within 0.02 Da and almost
all of these ions were within 0.03 Da mass error. This recalibra-
tion increases the mass accuracy of MS/MS ion masses and thereby
improves the possibility of predicting peptide N-terminal residues.

3.4. Identification of xy_1, W, VN and Vy+; ions

Photodissociation generates a series of x-type ions in the spec-
tra. The mass spacing between xy_1 and the precursor is unique
for every N-terminal residue. Therefore, the presence of xy_1 pro-
vides an opportunity to identify the peptide N-terminus. Over 75%
of the 1345 library spectra contained xy_1 ions, although as shown
in Table 3, the probability was quite residue-dependent. The mass
spacings between each xy_1 and the precursor are listed in Table 4.
Some masses spacings in this table are not unique for different
N-terminal residues. However, the peaks in the high-mass region
of photodissociation spectra are as redundant as in the low-mass
region. Therefore, these mass spacings can be used to tentatively
assign Xy_1 ions and the N-terminal residues.

Photodissociation of various peptides in our library yielded wy,
Vy or Vn+1 ions (where N is the number of residues) that are asso-
ciated with side chain loss from the N-terminal residue. Some
examples are shown in Fig. 6. Observation of these ions was some-
what surprising since it has been proposed that v- and w-type ions
are formed from x ion precursors (Scheme 1a and b) [45] and it is
not possible to form xy ions. Since vy and wy ions are generated
from unique side chain losses that are residue-dependent, the mass
spacings between these vy or wy type ions and the precursor should
facilitate confirmation of peptide N-terminal residues. To investi-
gate this, our library peptides with six different N-termini, Asn,
Glu, Ala, Tyr, Phe and Gly were examined. The top part of Table 3
indicates the percentage of the 1345 identified spectra that con-
tain five different ion fragments. N-terminal glycine can produce
an xy_1, but not a vy or wy ion. It is apparent that different N-
terminal residues produce different types of vy- or wy-type ions.
In our spectra, N-terminal phenylalanine did not lead to a vy rad-
ical, and N-terminal asparagine was the only residue that yielded a

a Vit b Vio
W10
*
*
*
V1o
1042 1044 1046 1048
996 998 1000
c vnit d Vio
W10
*
*

1032 1034 1036

vs+2 +:
e f viz+2
*
viz+1
ve+1
Vs * *
V12
810 812 814 816 1312 1314 1316 1318

Fig. 6. Assignments of (a) vy+; radical ion for EGAILSIVLR; (b) vy, wy ions of
DAIQQAFGAR,; (c) vn+1 radical ion of QLVGQVAANVR; (d) vy, wy ions of NGAYL-
GIQTR; (e) vy, wy and vy radical ions of TVQALGLR; (f) vy, wy and vy, radical ions
of SLDLDSIIAEVKg. *Shows the isotopic peaks and g means that K is guanidinated.

wy ion. 285 of our confidently identified peptides have N-terminal
glutamic acid. 90% of these generate vy, radicals after photodis-
sociation and about 42% yield vy ions. Although only about 40% of
these peptides produce both vy.q and vy ions, the vy ion inten-
sity is typically three times weaker suggesting that the former is
the dominant product. Fig. 6a presents the high-mass region of a
PD spectrum displaying an intense vy.q radical ion and relatively
weak vy ion. The peaks marked with asterisks predominantly result
from 13C isotope contributions and they are not treated as differ-
ent fragments by the instrument software. 69% of peptides with
N-terminal asparagines produce wy ions and 46% of them generate
vy ions but only 33% of them yield both wy and vy fragments. Fig. 6d
displays one example with N-terminal asparagine. Table 3 indicates
that 15% of these peptides yield vy.; radical ions. However, the
13C isotope peak associated with the adjacent vy ion occurs at this
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Table 4

149

Mass differences between precursor and xn_1, vy and wy ions for different N-terminal amino acids.

Precursor-xy_1

Precursor-vy

Precursor-(Vy+1) Precursor-wy/(Vy+«2)

Ala 45.058 Da 16.031Da
Asn 88.064 Da 59.037Da
Asp 89.048 Da 60.021 Da
Gln 102.080Da 73.053Da
Glu 103.063 Da 74.037Da
Gly 31.042Da -

His 111.080Da 82.053Da
Ile 87.105Da 58.078 Da
Leu 87.105Da 58.078 Da
Met 105.061 Da 76.035Da
Phe 121.089Da 92.063 Da
Ser 61.053 Da 32.026 Da
Thr 75.068 Da 46.042 Da
Trp 160.100 Da 131.074Da
Tyr 137.084Da 108.058 Da
Val 73.089 Da 44.063 Da
Arg 130.122Da 101.095Da
Cys 77.030Da 48.003 Da
Lys 102.116Da 73.089Da
Pro 71.074Da -

15.024Da
58.030Da
59.014Da
72.046 Da
73.030Da
81.046 Da
57.071Da
57.071Da
75.028 Da
91.056 Da
31.019Da
45.035Da
130.067 Da
107.051 Da
43.056 Da

60.0324 Da?
61.0164 Da?

30.012Dab
44.028 DaP

100.088 Da
46.996 Da
72.082Da

2 Precursor-wy.
b Precursor-(vysz).

same mass, So asparagine’s vy.1 ions may well be artifacts that will
not be helpful for peptide sequencing. Interestingly, tyrosine and
phenylalanine have similar aromatic side chains but peptides with
N-terminal phenylalanine only generate vy ions and peptides with
N-terminal tyrosine produce both vy and vy.1 ions by photodisso-
ciation.

Whether or not a vy.1 ion can be used to identify an N-terminal
residue depends on the uniqueness of its mass (as listed in Table 4)
and whether it can be distinguished from side chain loss m-type

Ry Ro ®
\/ -
o) CH o -CO -R;R,CH
—_—
[
+C——N—CH—C——R
x+1 radical
b
Ry R ®
\ :
0 CH O -CONH -Ry
I
-C N CH—C R
x+1 radical
Cc
R1 Rz @

H,;N——CH—C—R

precursor

H,N——CH—C—R

vy+1 radical

ions that would have the same mass. The latter can result from
side chain loss from any residue in the peptide [44]. For example,
peptides with N-terminal glutamic acid produce strong vy, rad-
ical ions. The m ion formed from non-terminal glutamic acid side
chain loss would have the same mass, and this would confuse vy+q
radical ion identification. In our synthetic library study, only the
peptides containing glutamic acid and aspartic acid are found to
have m ions from photodissociation. We compared the intensities
of m ions from interior glutamic acid side chain loss with those of

®
HN—CH—C——R
vion
R
| °
Il
CH—C—R
w ion
®
®
-H-
_>

HN=—/—CH—C——R

vy ion

Scheme 1. Pathways to form various fragment ions: (a) v-ions; (b) w ions; (c) v+ and vy ions.
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Scheme 2. Pathways to form wy and vy from (a)-(b) aspartic acid and (c)-(d)
asparagine.

Vn+1 ions from peptides with N-terminal glutamic acid. Over half
of the peptides with non-terminal glutamic acid yielded m ions in
photodissociation but their intensities were 10-20% of those asso-
ciated with vysq radical ions. Because m ions from non-terminal
glutamic acid side chain loss are much weaker than the vy, ions
from the N-terminal glutamic acid side chain loss, the latter should
be recognizable by sequencing programs. N-terminal aspartic acid
was not included in our libraries, and this residue requires further
study.

Because our synthetic peptide libraries contain only six differ-
ent N-terminal residues, photodissociation data of tryptic peptides
from D. radiodurans ribosomal proteins were also briefly examined.
Peptides with 16 different N-termini were confidently identified

) |
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b
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I
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\E'/ R
2

Scheme 3. Proposed pathways to form vy, ions from peptides with N-terminal (a)
threonine; (b) serine.

using Mascot. In this sample set, only one to ten peptides for each
N-terminal residue were found, and so accurate appearance per-
centages for various fragment ions were not derived. The lower
section of Table 3 simply indicates whether or not vy, Wy or Vi1
ions were observed in the examples that were studied. No peptides
with N-terminal arginine, cysteine, lysine and proline were in this
sample set. vy ions were generally observed except for peptides
with N-terminal methionine. It can be seen that some residues yield
vn+1 radical ions but others do not. Fig. 6b and c display examples
of PD spectra of peptides with N-terminal aspartic acid and glu-
tamine. Glutamic acid and glutamine terminated peptides yield the
same weak vy ions and intense vy, ions. By comparison, aspartic
acid and asparagine terminated peptides produce strong wy and vy
ions (Fig. 6b and d). The side chains of glutamic acid and glutamine
are only one CH; longer than those of aspartic acid and asparagines
and the wy ions at the latter two are apparently stabilized by for-
mation of a stable CO, side product. It is less obvious what affects
the vn+1 /vy peak ratios but the possibility of conjugation in the glu-
tamic acid side product may be involved. Scheme 1c displays how
Vy Or Vi1 fragment ions form.

Scheme 2 proposes a mechanism for producing wy and vy ions
from N-terminal aspartic acid and asparagine. A hydrogen bond
between the N-terminal amine and the side chain enables the for-
mation of a six-member ring. If the hydrogen atom from the amine
is bridged to the oxygen or nitrogen of the adjacent side chain, a
vy ion is produced following elimination of CH,CO and either H,O
or NH3 as shown in Scheme 2b, 2d. If the hydrogen from the side
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Fig. 7. Immonium ions and internal fragments from the low-mass region of pho-
todissociation spectra of (a) ELAYHEIQLR; (b) YQEVGPNPSER. Highlighted residues
correspond to immonium ions and underlined sequences label internal fragments.

chain is bridged to the nitrogen on the N-terminus, then wy ions
form (Scheme 2a and c). Because glutamic acid and glutamine con-
tain one more CH, and a seven-member ring is less stable, wy ions
are not formed and vy ions are not the primary product. Instead,
light activation breaks the N-terminal side chain Co~Cg bond, the
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Fig. 8. High-mass regions of photodissociation spectra of (a) ETAILSIVLR; (b) ELAIL-
SPVLR; (c) NLADHEIVLR.
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Fig. 9. Y-type ions in photodissociation spectra of (a) FQAAAGQLAQPHR; (b)
YQEHLSNPFER; (c) EGAYLGPVLKg. The g subscript means that K is guanidinated.

side chain group is eliminated as a radical (that probably loses a
hydrogen to form a conjugated species) and the peptide is left as a
vn+1 radical ion. Presumably N-terminal residues other than aspar-
tic acid and asparagine lose their side chains to form either vy and
Vn+1 ions as shown in Scheme 1c. Interestingly, asparagine and
aspartic acid are the only two N-terminal residues that yield wy
ions (Table 3). Even though the mass difference between these wy
ions and precursor is not unique (as shown in Table 4), based on
other information derived from the de novo program, the presence
of wy ions for N-terminal aspartic acid or asparagine should help
to identify these N-terminal residues.

Peptides with N-terminal threonine and serine produce strong
Vpn+7 ion peaks as seen, for example, in Fig. 6e and f. Proposed mech-
anisms of vy., ion formation for threonine and serine are shown
in Scheme 3a and b. The hydrogen bond between hydroxyl hydro-
gen and carbonyl oxygen facilitates a six-member ring formation,
which helps hydrogen transfer and side chain elimination. The vy.»
ion is produced after the elimination of CH3CHO and CH,O groups
for threonine and serine respectively and hydrogen is rearranged
to form a carbonyl group. As shown in Table 4, the mass of a vy.)
ion for N-terminal threonine happens to match the mass of the
precursor with CO, loss. However, the unique mass of vy.; ion for
N-terminal serine is indicative of its presence. Threonine and serine
are the only two N-terminal residues that yield all three vy, vy«
and vpy., ions (Table 3) and this should be useful for confirming
their presence. Since the D. radiodurans ribosomal protein sample
provided only a few examples for each N-terminal residue, further
study of these peptides is warranted. Table 4 lists the mass spac-
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ing between the precursor ion and the largest x, v and w ions for
all possible N-terminal residues. Some of these mass spacings are
unique. In other cases, they can be used as constraints to limit the
number of N-terminal residue candidates.

3.5. Immonium ions and internal fragments

Immonium ions and internal fragments are commonly observed
in all photodissociation spectra of synthetic peptide libraries, and
their observation has been discussed previously [44,50,61]. Not
every residue yields an immonium ion. Fig. 7A and B displays spec-
tra that include immonium ions of histidine, arginine, glutamine,
isoleucine and tyrosine. Histidine and tyrosine immonium ions are
dominant peaks. Photodissociation also produces immonium ions
for proline, phenylalanine and tryptophan that are not shown in
these examples. Such immonium ions should help to confirm pep-
tide de novo sequences. Numerous internal fragments also appear in
Fig. 7. Typical of our synthetic library spectra, most of these intense
internal fragments are either dipeptides or tripeptides that con-
tain proline or histidine. These internal ions provide 50% sequence
coverage of ELAYHEIQLR and 73% sequence coverage of YQEVGP-
NPSER. Therefore, their recognition should be useful for confirming
de novo sequences and identifying peptides [57].

3.6. Glutamic acid, asparagine and threonine effects

It is well known that fragmentation is enhanced C-terminal to
glutamic acid [58,59]. Fig. 8 displays a typical example of photodis-
sociation spectra of peptides with glutamic acid and asparagine
at the peptide N-terminus. The peptides with N-terminal glutamic
acid provide intense Xg and yg fragments (Fig. 8a and b), but yg is
missing for the peptide with N-terminal asparagine (Fig. 8c). The
enhanced cleavage next to glutamic acid facilitates recognition of
its x/y ion pair. In our 1345 peptides whose spectra were confi-
dently identified by Mascot, there were 956 glutamic acid residues,
284 of them at the N-terminus. 97% of the glutamic acid-containing
peptides cleave next to this residue to generate y-type ions. 80% of
peptides with N-terminal glutamic acid produce yy_; fragments.
By comparison, of 618 asparagine-containing peptides, about 42%
cleave next to asparagine to formy ions, but only 18 out of 272 pep-
tides with N-terminal asparagine produce yy_; fragments. These
observations directly impact de novo sequencing that requires the
observation of y-type ions.

Surprisingly, threonine was also found to enhance peptide frag-
mentation when it is close to the peptide N-terminus. In synthetic
libraries, 330 out of 1345 identified peptides contain threonine next
to the N-terminus and 268 of them produce yy_; fragments. By con-
trast, the other 1015 peptides generate only 50 yy_5 ions. The yn_»
intensity normalized by the total intensity of all assigned peaks
was extracted and compared for different residues. The average of
normalized yy_; intensity for threonine at the second N-terminal
residue is 0.008431 and it is only 0.00038 for all other second
residues. However, when threonine is the third residue from the C-
terminus, the averaged y, intensity is 0.066731 and it is 0.053687
for all other residues on the same position. Therefore, the fragmen-
tation enhancement C-terminal to threonine is not obvious if it is
near the C-terminus rather than the N-terminus. Fig. 8 displays
an example of the threonine effect. The peptides involved have
threonine or leucine as the second residue from the N-terminus.
In these rather typical spectra, cleavage next to threonine appears
to be enhanced. Although the mechanism for this is not clear, it
may involve the side chain OH interacting with the adjacent amide
group through hydrogen bonding just as the OH of aspartic acid
does when facilitating fragmentation next to that residue [59]. The
dissociation of peptide ions formed by electrospray ionization was
studied by Wysocki and coworkers and no fragmentation enhance-

ment next to threonine was observed [29,60]. Further work on
singly charged ions with threonine and serine near the N-terminus
is warranted.

3.7. Identification of Y-type ions

Photodissociation produces intense Y-type ions terminated by
proline [51,52]. The observation of Y/y pairs in photodissociation
and PSD data can be used to identify proline residues [41,42].
However, examination of over one thousand library spectra led to
the conclusion that cleavage next to glycine, glutamine, alanine,
proline, histidine and tyrosine can also yield Y-type ions by pho-
todissociation. Fig. 9 shows some typical examples. Only y- and
Y-type ions are marked in these spectra. The Y ions formed by cleav-
age next to proline are certainly the most intense in Fig. 9. The Y
ions from glutamine and alanine terminated fragments are also sig-
nificant but less intense in Fig. 9. Y ions terminated with histidine
are typically relatively weak (e.g., Y> in Fig. 9a and Yg in Fig. 9b).
However, Y-type ions terminated by the residues glycine, glutamic
acid, alanine, histidine and tyrosine do not appear consistently in
photodissociation spectra. For example, glycine N-terminated frag-
ments have both Yg and yg ions in Fig. 9a, but only have y5 and yg
ions in Fig. 9c. In photodissociation of synthetic peptides, Y-type
ions terminated by glutamine are generated for only 65% of 232
spectra containing this residues; Likewise, tyrosine-terminated Y
ions appear in only 47% of 176 peptide spectra that include this
residue. Therefore, the presence of Y-type ions in photodissocia-
tion spectra cannot be relied upon for sequencing efforts. However,
since the library data suggest that Y-type ions terminated by just
certain residues tend to form, this can be used as corroborating
information.

4. Conclusion

Three synthetic peptide libraries with C-terminal arginine were
analyzed by a modified 4700 MALDI TOF/TOF instrument to
study 157 nm photodissociation. Some fragmentation rules were
extracted with the eventual goal of improving de novo sequencing.
Sequencing peptide N-terminal regions often fails because high-
mass y-type ions are missing from spectra. However, this work
demonstrated that b, and bz ions appear in most photodissociation
spectra. Their ubiquity enables b, /xy_»> and b3 /xy_3 ion pairs to be
identified which should help confirm the identities of high-mass x-
type ions and low-mass b, and bs ions. Accurate masses of b, ions
should also facilitate assigning the first two N-terminal residues.
The spacings between precursor mass and Xy_; ion fragments
can often determine the peptide N-terminal amino acid. In addi-
tion, vy-, Wy- and vys1-type ions can help to confirm N-terminal
residue assignments. Immonium ions and internal fragments can
be utilized to confirm de novo derived sequences. The photofrag-
mentation propensities observed in this work should improve the
photofragmentation-based sequencing of peptides. Based on these
improvements, we anticipate being able to identify more of the
peptides in these libraries.
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