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Abstract

In peptide mass mapping of isolated proteins, a significant number of the observed mass spectral peaks are often
uninterpreted. These peaks derive from a number of sources: errors in the genome that give rise to incorrect peptide mass
predictions, undocumented post-translational modifications, sample handling-induced modifications, contaminants in the
sample, non-standard protein cleavage sites, and non-protein components of the sample. In a study of the stalk organelle of
Caulobacter crescentus, roughly one-third (782/2215) of all observed masses could not be assigned to the proteins identified
in the gel spots (Karty et al., J. Proteome Res., 1 (2002) 325). By interpreting these masses, this work illuminates a number
of phenomena that may arise in the course of peptide mass mapping of electrophoretically separated proteins and presents
results from a number of related studies.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction protein in a large sequence database such as
SwissProt or NCBI. Most PMM algorithms rank

Since its description in 1993, protein identification protein identifications by the number of matching
by peptide mass mapping (PMM) has become the experimental and predicted masses [7]. High-res-
cornerstone of many proteomic studies [1–6]. In olution, high-accuracy MALDI-TOF mass spec-
these experiments, proteins are digested with a trometers have become standard tools in proteomics
proteolytic enzyme, and mass spectra of the resulting research [7–10]. Complex samples containing multi-
peptides are recorded. The experimentally observed ple proteins often give rise to a large number of
masses are compared to a list of theoretical proteolytic fragments. Since mass spectra contain a
proteolytic fragment masses generated from the limited number of peaks, all components of a
amino acid sequences of proteins that may be present complex mixture may not be represented in a
in the sample. This list can be as short as the MALDI-TOF mass spectrum. To ensure that all
peptides arising from a single protein or as long as components are adequately represented, a sample
the total number of proteolytic peptides from every containing relatively few proteins is required for

successful MALDI-TOF peptide mass mapping. For
this reason, two-dimensional gel electrophoresis*Corresponding author. 800 E. Kirkwood Ave., Bloomington,
commonly precedes peptide mass mapping of cel-IN 47405, USA.
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MALDI-TOF MS for analyzing electrophoretically protein modifications can introduce complications
separated proteins is its speed. Spectra can be into peptide mass mapping. A common post-transla-
acquired in seconds, and increasing computer power tional modification is the cleavage of signal peptides
allows for database searches to be performed in near [19]. Many organisms use portions of protein N-
real-time allowing for highly automated data acquisi- terminal sequences as markers for export by any of a
tion and analysis [8,11–13]. number of secretory pathways [20]. Often, the

Although experiments matching observed and locations of the signal peptide cleavage points are
calculated peptide masses have been underway for not annotated. This is especially true for hypothetical
nearly 20 years [14], the process of predicting proteins that have not been fully characterized.
proteolytic fragment masses has been greatly aided Signal peptide cleavage radically alters the mass of
by the publication of the complete genomes of many the N-terminal proteolytic fragment of a protein. One
organisms. For a sequenced organism, it should be effect of signal peptide cleavage is that the originally
possible to predict the masses of all proteolytic predicted N-terminal peptide will not be observed.
fragments. Furthermore, if all features in a mass Likewise, its new mass will not be predicted and
spectrum arise from proteolytic fragments of that therefore, if observed in a mass spectrum, it will not
organism, they should all be interpretable. This is not be properly assigned. Signal peptide cleavage also
always the case. In previous work, our lab investi- affects a protein’s predicted molecular mass and
gated 2D-gel-separated proteins from the stalk or- isolectric point (pI) as discussed below [21–23].
ganelle ofCaulobacter crescentus bacteria. Proteins Protein or peptide modifications at single amino
were identified in 50 of the 62 gel spots analyzed. In acids give rise to masses that may not be predictable
those cases, 782 of the 2215 mass spectral peaks from the genome. Although scores of protein modi-
were not initially interpretable [1]. Motivated by the fications have been described [24,25], common ones
desire to improve the confidence of our identifica- include: phosphorylation [26], methylation [27],
tions, we performed an exhaustive study of the glycosylation [28], acetylation [29], oxidation [30–
origins of these uninterpretable masses. 32], nitration [33], acrylamidation [34,35], vinyl-

Effective peptide mass mapping is based on pyridinylation [36], guanidination [37–41], esterifi-
several assumptions. The first is that the published cation [42], carbamidomethylation [43,44], formyla-
genome is accurate. Frame-shifts can arise from tion [35], carbamylation [24,29], deamidation [45–
incorrect sequencing of the genome, specifically the 48], and formation of disulfide bonds [49]. These
inclusion of an extra base or the deletion of a base in modifications can occur naturally in an organism,
a gene’s sequence [14–16]. Different strains of the result from deliberate chemical derivatization, or
same organism can have variations in their genomes inadvertently arise during sample handling. They
[17]. Errors can also arise during genome annotation. affect peptide mass mapping in different ways: first,
For example, we previously identified several incor- modified peptide masses will not be correctly
rectly assigned protein start codons [18]. Genome matched. These ‘‘false negatives’’ decrease the confi-
errors are transferred to the proteome upon in silico dence levels of protein identifications. Second, the
translation. Proteome errors give rise to predicted masses of modified peptides will often match pre-
peptide masses that will be improperly interpreted. dicted fragment masses of proteins not present in the
For example, a frame-shift in a gene may cause all sample. These so-called ‘‘random matches’’ repre-
codons downstream to be incorrectly translated [15]. sent false positives that may suggest an incorrect or
Likewise, an incorrectly documented start codon ambiguous identification. Similarly, other sources of
could cause a protein sequence to be too short (if the false positives are impurities such as human keratins
true start codon is upstream of the published one) or [50,51] or autolysis products of proteolytic enzymes
too long (if the true start codon is downstream of one [52] that also give rise to mass spectral features.
annotated). Both of these errors lead to improper Another common assumption in peptide mass
prediction of the mass of the N-terminal protelytic mapping experiments is that proteolytic specificity is
fragment. perfect. Many commonly used proteolytic enzymes

Even with an accurate genome, any of several and chemical digestion protocols cleave proteins at
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specific amino acid residues (e.g., trypsin at lysine in length and contain a number of positively charged
and arginine). Some of these procedures can have residues [20]. Cleavage of these peptides will have
side reactions, however. Trypsin often contains two major effects. First, the protein’s molecular mass
chymotrypsin as an impurity. Chymotrypsin primarily is reduced. Second, the loss of two or three positive-
cleaves C-terminal to the aromatic residues phenyl- ly charged residues can dramatically affect a pro-
alanine, tyrosine, and tryptophan. Furthermore, tein’s predicted pI [21,23]. Many single amino acid
trypsin can cleave itself giving rise to pseudotrypsin modifications can affect pI as well. Most naturally
[53,54], which displays chymotryptic activity. Addi- occurring modifications, such as methylation, phos-
tionally, proteins can be cleaved by extremes of pH phorylation, and deamidation reduce protein pI,
without addition of any other reagent; Asp–Pro although a handful, such as amidation of C-termini,
linkages are extremely labile at acidic pH [55]. can increase pI. Similarly, many deliberate modi-
Non-specific or unexpected cleavages can give rise fications introduced during sample handling can
to peptides whose masses will not be predicted from change a protein’s pI. Again, many of these such as
the proteome. alkylation with iodoacetic acid, deamidation, and

Finally, a common assumption in peptide mass carbamylation decrease protein pI values, although
mapping is that all mass spectral features arise from others, for example guanidination, can increase pI.
peptides. In fact, low-mass matrix–alkali clusters are The effects of a large number of protein modi-
commonly observed in MALDI-TOF mass spec- fications on pI predictions have been reviewed [22].
trometry [56,57]. These are not related to proteolytic Guanidination, the conversion of lysine to
fragments of proteins, and can therefore cause some homoargine byO-methylisourea, has been shown to
confusion during data analysis. Although matrix– increase the intensity of lysine-terminated tryptic
alkali cluster masses do not often match the masses peptides [37–41]. Furthermore, by comparing un-
of predicted tryptic fragments [57], they still add to guanidinated and guanidinated mass spectra, limited
the number of non-matched masses, and therefore sequence information about a peptide, namely its
lower the confidence of assignments. lysine content, can be inferred [1,59]. The advantage

The previously mentioned phenomena need to be of using the lysine content as a search parameter
considered during the construction of peptide mass during peptide mass mapping for the identification of
maps. Many artifacts such as autolysis peptides proteins in a large number of gel spots and the ability
[52,57], keratin peptides [50,51,58], and matrix– to assign absolute confidence limits to the identifica-
alkali cluster ions [56,57] can be predicted and tions have recently been described [1]. The lysine
removed from mass lists prior to analysis. Similarly, count can also be used to discriminate between the
many of the above modifications, if deliberate or various explanations for any unmatched mass dis-
well annotated in the proteome, can be taken into cussed herein.
account when generating the list of theoretical
peptide masses. Some protein modifications are not
predictable from primary sequences. Deamidation, 2 . Experimental
for example, is highly dependent on both pH and the
amino acids near the Asn or Gln residue in three- The procedure for the isolation and electrophoretic
dimensional space [45,46,48]. Double oxidation of separation of stalk proteins has been recently de-
tryptophan can occur when peptides interact with scribed [18]. Briefly, stalks were isolated from a
certain types of surfaces [30] or with ozone in the stalk-shedding mutant strain ofCaulobacter crescen-
laboratory air [32]. tus by differential centrifugation. They were lysed

Most peptide mass mapping algorithms allow using multiple freeze–thaw cycles. Proteins were
observations of protein molecular mass and pI to be solubilized with urea and separated by isoelectric
used as parameters to restrict searches. Many of the focusing using an IPGPhor apparatus (Amersham–
modifications described above can impact a protein’s Pharmacia Biotech, Piscataway, NJ). The IPG (im-
molecular mass and pI. Signal peptides in Gram- mobilized pH gradient) strips (3-10NL, APBiotech)
negative prokaryotes tend to be 20–30 amino acids containing the focused proteins were soaked in a
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buffer containing urea, sodium dodecyl sulfate guanidinated data were analyzed with a previously
(SDS), and dithiothreitol to reduce any disulfide described, in-house algorithm,Prodigies [1]. The
bonds. They were then soaked in a similar buffer program deduces the number of lysines in a par-
containing iodoacetamide to alkylate the newly ticular peptide by comparing experimental un-
generated free cysteines. The IPG strips were placed guanidinated and guanidinated data. Guanidination
on top of a 2–3-mm layer of 0.5% agarose which in quantitatively and selectively converts lysines to
turn formed the stacking layer of 12% SDS–poly- homoarginines, inducing a 42-u increase in mass for
acrylamide gel. The second dimension gels were run each lysine residue in a peptide [41].Prodigies
for 4 h, and the proteins visualized with colloidal creates three output files, or ‘‘master hit arrays’’,
Coomassie Blue (Novex, San Diego CA). (MHAs) for each pair of spectra. The first summa-

Spots containing separated proteins were destained rizes a peptide mass mapping database search com-
and digested with trypsin using a previously de- paring the observed unguanidinated masses to a list
scribed procedure [1,60]. Briefly, spots were de- of all possible tryptic fragment masses for the entire
stained with multiple treatments of an acetonitrile, Caulobacter crescentus proteome [61]. Assumptions
ammonium bicarbonate, water solution. They were implicit in the search include partial oxidation of all
then washed with water, and dehydrated with aceto- methionine residues (116 u), partial cleavage of
nitrile. A vacuum centrifuge (Jouan, Winchester, protein N-terminal methionine residues (2131 u),
VA) was used to dry the spots completely. The dried total alkylation of cysteines by iodoacetamide (157
gel spots were rehydrated with 15ml of 16.67 mg/ l u), and partial conversion of peptide N-terminal
(250 ng total) bovine trypsin (Sigma T8802, St. glutamine residues to pyroglutamic acid (217 u).
Louis, MO, USA) and incubated overnight at 378C. The second MHA is qualitatively similar to the first.
Digestion was stopped by the addition of 0.1% (v/v) It summarizes the results of a database search in
trifluoroacetic acid (TFA). Tryptic peptides were which all lysines have been converted to homoar-
extracted using successive 100-ml washes of 0.1% ginines. Often, only a small collection of open
(v/v) TFA, 30% (v/v) acetonitrile, and 60% (v/v) reading frames (ORFs) is common to both the
acetonitrile. The three extracts from each spot were unguanidinated and guanidinated MHAs. The lysine
combined, vacuum centrifuged to dryness, and re- count mentioned above is not obtained until the two
suspended in 8ml of Type I water (E-Pure, Barstead, MHAs are compared. The true power ofProdigies is
Dubuque, IA) Half of the suspension was guanidi- evident in the third master hit array. The program
nated following the procedure described by compares both the unguanidinated and guanidinated
Beardsley and Reilly [41]. peak reports and looks for features that are shifted by

MALDI spots of unguanidinated samples were integral multiples of 42 u. These pairs of peaks
made by depositing 0.65ml of a solution containing separated by multiples of 42 u will be referred to
equal parts peptide extract and 15 g/ la-cyano-4- hereafter as ‘‘consistent peaks’’. The multiple of 42 u
hydroxycinnamic acid (CHCA) in 75% (v/v) aceto- by which a peak shifts upon guanidination corre-
nitrile, 0.1% (v/v) TFA onto the stainless steel sponds to the number of lysine residues in the
target. Guanidinated samples were purified using peptide. This ‘‘lysine count’’ is a parameter in the
micro-extraction columns packed with Zorbax C database search used to prepare the third MHA. A18

medium (Sigma). The columns were eluted with 2ml match in this MHA is indicated only when a
of 10 g/ l CHCA in 50% (v/v) acetonitrile, 0.1% theoretical peptide’s mass matches an observed mass
(v/v) TFA; 0.65ml of the eluent was deposited onto and it contains the previously determined number of
the MALDI probe. All spots were allowed to air-dry lysines. The product of the ORF with the most
prior to loading into the mass spectrometer. Positive matches in an MHA is assumed to be present in the
ion mass spectra were recorded using a Bruker gel spot. Statistical methods were used to assess the
Reflex III reflectron MALDI-TOF mass spectrome- confidence with which identifications were made.
ter. Spectra were internally calibrated using three or Absolute confidence limits for assignments were
four tryptic autolysis peaks. derived through Monte Carlo simulations of over 5.5

Peak reports from both guanidinated and un- million peptide mass mapping experiments [1].
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Despite the fact that all but two of theCaulobacter CODONPREFERENCE program (GCG, Madison,
stalk protein assignments were made with greater WI) that analyzes ‘‘GC bias,’’ the occurrence of G or
than 95% confidence, roughly one-third of the ob- C in the third position of DNA triplet codons, and
served masses were initially unassigned [1]. In order tracks the frequency of so-called ‘‘rare codons’’.
to interpret these masses, all data files were analyzed Many organisms preferentially use specific codons to
a second time using a slightly different database- encode amino acids despite degeneracies in the
searching algorithm. This time, guanidinated and codon translation table [65]. Codons other than those
unguanidinated data were considered individually. preferred are called rare codons. A properly anno-
Prodigies attempts to interpret unmatched masses in tated gene should have a GC bias consistent with that
three ways. First, starting with all theoretical pep- of the rest of the ORFs and should have a low
tides associated with each ORF listed in an MHA, it occurrence of rare codons. These analyses allow one
considers nine different types of peptide modifica- to examine the annotation of a particular gene. In
tions. These include: oxidation (116 or 32 u) [7,30– this work, they were used to assess the start codon
32,62], carbamylation (143, 86, or 129 u) [24], predictions for several proteins.

2phosphorylation (180 u) [26], methylation (114 u) MALDI-QTOF CID MS mass spectra for some
[27], acetylation (142 u) [29], deamidation (11 u) peptides were recorded using a QTOF Global instru-
[45–48,63], formylation (128 u) [35], acrylamida- ment (Micromass, Manchester, UK). The argon
tion (178 u) [34,35], and carbamidomethylation collision gas inlet pressure was set to 25 p.s.i. and
(157 u) [43,44]. The mass of each modified theoret- the collision voltage setting varied with the parent

2ical peptide is shifted appropriately, and a new list of mass of the peptide fragmented. All MS spectra
theoretical masses is generated. This list is compared were externally calibrated, and a 0.1-u mass error
to the unmatched experimentally observed masses. window was used for all fragment peak assignments.
All reported potential peptide modifications are then
verified to ensure that the modifications and the
peptide sequences are compatible (e.g., a predicted
deamidation needs to correspond to a peptide with an 3 . Results
N or a Q in its sequence). Second, the algorithm
checks for ‘‘random cleavage peptides’’. Random Proteins were identified in 50 out of 62 gel spots
cleavage peptides are generated by protein hydrolysis analyzed. A complete discussion of the proteins
at any amino acid, not just lysine and arginine. In identified, confidence levels of assignments, and the
this mode, any contiguous sequence of amino acids biological significance of the assignments are pre-
with a predicted mass equal to an unmatched mass is sented in two other publications [1,18]. There were
noted. Third, the algorithm attempts to identify 2215 mass spectral peaks observed in the 100 mass
signal peptides by removing amino acids from the spectra (50 unguanidinated and 50 guanidinated
N-terminus of each ORF listed in an MHA. If any samples) recorded for the 50 gel spot digests in
new predicted N-terminal tryptic fragment mass which proteins were identified. Nearly two-thirds of
matches one of the unmatched experimentally ob- those masses, 1433, could be assigned to proteins
served masses, it is recorded. Putative signal peptide identified in the gel spots. Although little evidence
cleavage sites are then checked against the predic- was seen for multiple proteins migrating in the same
tions made by the SignalP 2.0 program spot, several proteins appeared in more than one spot
(www.cbs.dtu.dk/services/SignalP-2.0) [19]. [1,18]. The remaining 782 masses were not immedi-

Localization predictions for all proteins identified ately interpretable, and these represent the focus of
were made using thePSORT algorithm (http: / /psort. this paper.
nibb.ac.jp) [64]. This algorithm analyzes protein The simplest explanation for unmatched masses in
sequences and suggests their preferred subcellular a gel spot digest would be the presence of a second
environments. PSORT did not predict localizations protein in the spot [7,9,66]. However, the only time
for several proteins identified in theCaulobacter co-migrating proteins were observed was for two
stalk gels. These were further examined using the proteins that shared 82% sequence identity [1]. The
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lack of co-migrating proteins is not surprising since a result is consistent with previously published studies
single bacterial organelle was studied. demonstrating strong pH and temperature dependen-

ces for the rate of deamidation [46,48,70]. Deamida-
3 .1. Post-translational modifications: signal peptide tion under basic conditions has been shown to
cleavage proceed through a succinimidyl intermediate created

when the backbone amide nitrogen attacks the
Signal peptides are cleaved after translation during carbonyl of the asparagine side chain [48,63,70]. The

translocation into the cytoplasmic membrane [20]. pH of solution during guanidination is approximately
SignalP 2.0 predicted signal peptide cleavages for 10.6, and the reaction is performed at 658C [41].
the proteins in 40 of the 50 gel spots analyzed. These conditions should favor deamidation of NG-
Although this may seem like a large fraction, most of containing tryptic peptides. An important ramifica-
the proteins identified were associated with the outer tion of deamidation on peptide mass mapping is that
membrane, and would be expected to be processed all 31 cases of guanidination-induced deamidation
by the general secretory pathway [18,20]. Eleven resulted in the non-identification of consistent peaks.
previously uninterpreted masses corresponding to N- A peak atm /z 2045.96 was observed in the
terminal tryptic fragments created by cleavage of unguanidinated mass spectrum of a gel spot con-
signal peptides were observed in these experiments, taining ORF CC163, a hypothetical protein. The
including three pair of ‘‘consistent peaks’’. The mass corresponded to that of the predicted tryptic
sequence of one of the new N-terminal fragments fragment YADNGSEDAEEFTVTANGR. Upon

2was confirmed with MS sequencing (data not guanidination, a peak atm /z 2047.84 was observed.
shown) [67]. This new peak could be explained as the same tryptic

fragment with both NGs converted to DGs. Fig. 1B
3 .2. Sample handling induced modifications: displays a CID mass spectrum of them /z 2045.96
deamidation of asparagine peak in the unguanidinated sample with the y ions

labeled. Fig. 1A displays the CID mass spectrum of
Deamidation of asparagines and glutamines to the peak observed atm /z 2047.84 upon guanidina-

aspartates and glutamates, respectively, is an effect tion. The y ion in the top spectrum is 2 u heavier16

of protein aging, and is often observed in 2D gel than the y ion in the bottom spectrum, and the16

electrophoresis [22,47,68]. It leads to a series of y –y ions in the top spectrum are 1 u heavier than3 15

spots with the same apparent mass, but measurably the y –y ions in the bottom spectrum. These two3 15

different isoelectric points. Deamidation can also fragment ion series are consistent with the sequences
arise when samples are kept under basic conditions indicated in Fig. 1 and clearly implicate deamidated
[45,46,48,69]. Deamidation causes a peptide to in- Ns 3 and 16 residues from the C-terminus.
crease in mass by 1 u and the apparent pI to decrease
[22,70]. Close examination of the 782 unmatched 3 .3. Sample handling induced modifications:
masses revealed 38 that could be explained by a guanidination of peptide N-terminal glycine
single deamidation, and two more that involved the
deamidations of two asparagines in the same peptide. Derivatization reactions often cause unintended
Interestingly, 34 of the deamidations involved pep- side reactions. Almost all peptides have primary
tides with NG in their sequences. Asparagines fol- amines at their N-termini that can be possible
lowed by glycine are known to be the most rapidly substrates for guanidination. Beardsley and co-work-
deamidated [46,48,70]. Furthermore, deamidation of ers twice reported some unexpected guanidinations
NG-containing peptides was strongly guanidination- on peptide N-terminal glycine residues [38,41].
dependent. While 32 NG-containing peptides were Furthermore, Beardsley and Reilly demonstrated
observed in unguanidinated mass spectra, only three partial guanidination at the N-terminal glycine res-
of these were deamidated. In contrast, of 34 NG- idue of a model tryptic peptide after 5 min reaction
containing peptides identified in the guanidinated time, and limited guanidination at several other N-
mass spectra, 31 were deamidated. This striking terminal residues after several hours [41]. In our
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Fig. 1. MALDI-QTOF CID mass spectra of a tryptic peptide before (B) and after (A) guanidination-induced deamidation of its NG residues.
The y ions and their masses are labeled in each spectrum.

experiments, the reaction occurred over 20 min, and more about the peptide. The splitting of a single peak
only glycine was N-terminally guanidinated. into two separate features does cost some sensitivity,
Seventy-six peptides with N-terminal glycine res- but in general the sequence information gained
idues were identified in the unguanidinated mass outweighs the sensitivity loss [1].
spectra. Fifty-five of these were observed in the
guanidinated mass spectra. Of those, 14 showed3 .4. Artifacts: matrix–alkali clusters
partial guanidination at their N-termini (i.e., peaks
for both the normally guanidinated and N-terminal Keller and Li described the observation of matrix–
guanidinated peptide were observed). Four others alkali clusters betweenm /z 600–1500 in mass
were totally guanidinated at their N-termini. All four spectra of dilute peptide mixtures [56]. Similar
cases of total guanidination at N-terminal glycine observations were described by Harris et al. who
residues resulted in non-identification of ‘‘consistent noted the unusual fractional parts of their masses
peaks’’ since their masses shifted by 42 u more than [57]. These ‘‘fractional masses’’ result from a
expected. Total N-terminal guanidination only superposition of the mass defects of all atoms in each
occurred 7% of the time, and is therefore seen as molecule. In the present work, 65 matrix–alkali
only a minor problem. The 14 partial N-terminal clusters were observed in unguanidinated mass spec-
glycine guanidinations are actually useful. Since both tra, and 17 were observed after guanidination. This
the normally guanidinated and N-terminal guanidi- reduction is most likely due to the removal of
nated peaks were observed, one can infer the pres- sodium and potassium during the micro-extraction
ence of an N-terminal glycine, thus learning even step in the guanidination procedure; unguanidinated
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samples were not purified. Although it may seem masses arises from the unique combinations of
advantageous to purify both unguanidinated and carbon, nitrogen, oxygen, hydrogen, and sulfur that
guanidinated samples, loss of peptides at sub-pico- make up the amino acids [57]. Fig. 2 can be used to
mole sample loadings has been reported whenmC discard non-peptide masses since the fractional mass-18

Ziptips were employed for this purpose [71]. In the es of unmodified tryptic peptides ofCaulobacter, or
guanidinated case, these losses are compensated by any other organism according to Gay et al. [73],
the increased ionization efficiency of derivatized should fall within a narrow band.
peptides and the information derived from the lysine
count [1,41]. 3 .5. Artifacts: uncommon autolysis peptides

Mann commented that the fractional masses for all
random peptides with nominal masses below 2000 u Several tryptic autolysis peaks were used for
fell into very narrow (roughly 0.25 u) regions [72]. calibration as described in Section 2. Four calibrants
Gay et al. demonstrated similar results for all tryptic (m /z5805.416, 1153.574, 2163.057, and 2289.155)
peptides calculable from release 37 of the SwissProt were observed in every unguanidinated mass spec-
database [73]. Fig. 2 displays the fractional masses trum. Likewise, four guanidinated autolysis peptides
of all theoretical tryptic peptides for theCaulobacter (m /z5990.549, 1195.596, 2205.079, and 2331.177)
proteome between 700 and 3500 u (predictions were were seen in all guanidinated mass spectra. A
made using the constraints described in Section 2). handful of other known autolysis fragments were
The most commonly observed matrix–alkali clusters removed from peak reports prior to interpretation,
were atm /z 855.07 (4 CHCA, 2 K, 1 Na), 871.05 (4 includingm /z 906.505, 1020.504, 1046.596, and
CHCA, 3 K), 877.08 (4 CHCA, 2 Na, 2 K) and 1493.600 in unguanidinated samples. Other masses
1060.09 (5 CHCA, 3 K). Atm /z 870, for example, that were not initially recognized as autolysis peaks
peptide ions have fractional masses of about 0.460.1 were observed with sufficient frequency to warrant
u, in contrast with 0.07 for the M K Na. The further investigation. A peak occurring atm /z4 2

fractional masses for all of the matrix alkali clusters 3211.467 and its methionine-oxidized counterpart at
observed in these experiments (denoted by squares inm /z 3227.492 corresponds to amino acids 140–170
Fig. 2) were well outside the band of predicted of completely processed bovine trypsin with a disul-
peptide masses. The narrow distribution of fractional fide bond between C148 and C162 and hydrolyzed

between K149 and S150. They were observed six
and nine times, respectively, as unmatched masses in
the course of these experiments. Unfortunately, they
were often too weak or not well enough resolved for
routine use as high mass calibrants. The predicted

1masses for the (M1H) ions of these peptides are
3211.475 and 3227.469 u. A peptide atm /z 1774.87
was observed in 13 different unguanidinated sam-
ples. It corresponds to the tryptic autolysis fragment
from amino acids 1 to 14 and 137 to 139 with a

1disulfide bond between C7 and C137 ((M1H) 5

1774.851 u). It should be noted that the N-terminus
of this peptide results from a chymotryptic cleavage
between Y14 and Q15. An ion atm /z 1433.78
appeared in eight different unguanidinated mass
spectra, and it corresponds to amino acids 187–200
with C197 reduced; its predicted mass is 1433.721 u.
The ions listed above had been reported previouslyFig. 2. Dependence of the fractional masses of predicted
[52]. Other, recently uncovered, autolysis peaks [57]Caulobacter tryptic peptides on their nominal masses. The squares

represent the locations of the matrix–alkali cluster masses. were observed in these experiments. Two previous
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reports indicate the presence of a tryptic autolysis 3 .7. Post-translational modifications: double
fragment from amino acids 100–125 atm /z 2552 oxidation of tryptophan
[52,57]. This interpretation requires that both cys-
teines in the peptide are reduced. An unmatched Tryptophan can be converted toN9-
peak atm /z 2550.26 was observed in 16 different formylkynurenine by photooxidation with near-UV
unguanidinated tryptic digest mass spectra, and an light in an aqueous environment [31]. This oxidation
unassigned mass atm /z 2592 was observed in one increases the mass of a tryptophan-containing pep-
guanidinated mass spectrum. The tryptic autolysis tide by 32 u. Furthermore, the oxidation is slightly
peptide, 100–125 contains one lysine and two cys- accelerated by mildly basic conditions. Gobom et al.
teines. The species responsible for them /z 2550.26 reported double oxidation of tryptophan containing
ion could be this tryptic autolysis peptide with a peptides when they analyzed samples using Anchor

1 disulfide bond between C109 and C116 ((M1H) 5 Chip MALDI targets [30]. Cohen and Ward dem-
2550.233 u). This peak is often well resolved and it onstrated that this can be induced by ozone in
could be used as a calibrant when its identity is laboratory air [32]. Double oxidation of tryptophan
confirmed. Two other ubiquitous ions can be added residues was not considered during the initial analy-
to the list of tryptic autolysis peptides. An ion atm /z ses of our mass spectra, and several probable cases
1676.78 was observed in 14 different mass spectra of it were observed upon closer examination of the
(seven unguanidinated and seven guanidinated). The data. In total, 112 tryptophan-containing peptides
lack of mass shift implies that it corresponds to a were observed in the mass spectra, of which 24 were
peptide with no lysines. A tryptic autolysis peptide probable cases of double oxidation. Eight of the 24

1from amino acids 50 to 64 ((M1H) 51676.777 u) occurred as four pair of ‘‘consistent’’ peaks. In
is consistent with these data. The C-terminus of this contrast to deamidation, tryptophan oxidation and
peptide arises from a chymotryptic cleavage between guanidination were not correlated. Thirteen putative
F49 and I50. Similarly, an ion atm /z 1756.88 was tryptophan oxidations were observed in the un-
observed in eight different unguanidinated mass guanidinated samples; 11 were seen in the guanidi-
spectra. A tryptic autolysis peptide from P203 to nated samples. There also appeared to be no correla-

1K217 ((M1H) 51756.909 u) probably corresponds tion between tryptophan oxidation and sample stor-
to this ion, but the cleavage between K202 and P203 age time.
is not favored by trypsin. These results are summa-
rized in Table 1. Two other more complete listings 3 .8. Artifacts: random cleavages
of tryptic autolysis peaks have been published
[52,57]. At present, sequencing experiments on these The assumption that proteins are cleaved at pro-
ions have been frustrated by their low intensities. tease-specific sites is built into most PMM algo-

rithms. Proteases present in the bacterial cell that
have not been properly inhibited can lead to addi-

3 .6. Artifacts: keratin peptides tional cleavages. Similarly, some of the conditions
encountered during sample handling can promote

Human keratin is a common contaminant in hydrolysis of peptide bonds. In order to inhibit
proteomics experiments. The keratin can either be contaminating chymotrypsin,N-tosyl-L-phenylala-
present in the commercial trypsin preparation [51] or nine chloromethylketone (TPCK), a potent irrevers-
be introduced during sample handling [50,58]. 23 of ible inhibitor of chymotrypsin [74], is added to many
the unmatched masses were consistent with previous- sequencing grade trypsin preparations. TPCK is not
ly described keratin peptides [50,58]. The most stable at high pH, however, as chloromethyl ketones
commonly observed keratin masses werem /z 832.4 are rapidly hydrolyzed under basic conditions. For
in the unguanidinated data (10 times) andm /z example,N-tosyl-L-lysine chloromethyl ketone loses
1151.5 (5 times) in the guanidinated data. Another 90% of its ability to inhibit trypsin after 5 min at pH
keratin peak atm /z 1108.6 [50] was observed in a 9.0 [75]. The pH of the ammonium bicarbonate
number of guanidinated mass spectra as well. solution used for digestion was approximately 8.5,
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Table 1
aUncommon autolysis peptides and ubiquitous ions

bm /z Observations Sequence

Unguan Guan

Autolysis peptides

2550.26 16 1

1676.78 7 7

1774.87 13 0

c3227.49 9 0

1433.78 8 0

1756.88 8 0

3211.47 6 0

Ubiquitous non-autolysis ions

2092.01 17 0 Unknown
1335.76 6 6 Unknown
2383.98 7 0 Unknown
2311.145 6 0 Unknown

a Trypsin sequence from SwissProt entry P00760 (www.expasy.ch) assuming cleavage of a 20 amino acid signal peptide.
b All masses are averages of all observations.
c M represents a singly oxidized methionine.

therefore, the TPCK should hydrolyze during diges- per peptide was allowed; the other terminus had to
tion. It should be noted that pseudotrypsin displays be generated by a tryptic or chymotryptic cleavage or
low affinity for small polypeptide substrates [54], be the N or C-terminus of a protein.
and therefore may not be inhibited by TPCK. Using the criteria described above,Prodigies
Deamidation can cause bond cleavage C-terminal to found 510 possible random cleavage peptides that
asparagine residues [45,46,52], and, as noted above, could explain 354 unique, unmatched masses. Evi-
deamidation was shown above to be accelerated dently, some measured masses could be explained by
during guanidination. In order to investigate the more than one random cleavage peptide. To probe
possibility of these processes, a list of all possible whether random cleavages correlate with specific
random cleavages that could explain unmatched amino acids, the residues at the N- and C-termini of
masses was generated. Only one random cleavage all proposed random peptides were tabulated. Results
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autolysis. The latter is more likely since the trypsin
was treated with TPCK prior to packaging. Overall,
101 possible chymotryptic cleavages were identified.
Of these, 30 are associated with peptides created by
chymotryptic cleavage at both ends. It should be
noted that two of the uncommon autolysis peptides
mentioned in a previous section arose due to
chymotryptic cleavages. Nine unmatched, consistent
masses could be explained as peptides arising from a
tryptic cleavage on one side, and a chymotryptic
cleavage on the other. For example, a peak atm /z
2465.09 was observed in three different unguanidi-
nated and three different guanidinated samples. It
was seen as three consistent peaks in mass spectra of
tryptic digests from gel spots containing ORF
CC2149. Similarly, a feature atm /z 1800.97 was

Fig. 3. Distribution of cleavage sites in the stalk gel spot seen in three different unguanidinated and three
proteomics study. All values have been generated by dividing the

guanidinated tryptic digests of ORF CC2149, andnumber of cleavages by the amino acid’s abundance in the
was observed as a consistent peak twice. The dataproteome (expressed in percent). Gray bars represent the fre-

quency of cleavages C-terminal to a particular amino acid. Black suggest that neither of the peptides responsible for
bars represent the frequency of cleavages N-terminal to a par- these ions contains lysine. Both can be explained as
ticular amino acid. The bars for cleavages C-terminal to K and R proteolytic peptides of ORF CC2149 created by one
correspond to normal tryptic fragments.

tryptic and one chymotryptic cleavage with predicted
masses of 2465.086 and 1800.961 u.

normalized with respect to the relative abundances of The enhanced cleavage N-terminal to asparagine
each amino acid in the proteome are summarized in apparent in Fig. 3 was unexpected. Six of the random
Fig. 3. The gray bars for K and R at the C-termini of peptides that could be explained as cleavages N-
peptides represent normal tryptic cleavages for the terminal to asparagines were observed as three pairs
1433 tryptic peptides that were assigned to the of consistent peaks. We have no mechanistic pro-
proteins identified in these experiments. They are posals for cleavage N-terminal to asparagine at
included to put the possible random cleavages in present. Neither the possible chymotryptic cleavages
perspective (note the broken vertical axis in the nor the cleavages N-terminal to asparagine were
graph). The bar corresponding to the normalized noticeably enhanced by guanidination.
number of lysine cleavages is about 1.5 times as tall
as that corresponding to arginine. Considering that 3 .9. Genome errors: improper start codon
the relative abundances of K and R residues have
already been taken into account one might expect Genome errors lead to the prediction of masses
these bars to be of equal height. The observation of a that will never be experimentally observed. In the
higher efficiency for detecting lysine-terminated course of theCaulobacter stalk analysis [1,18], it
peptides is due to the significant enhancement of was determined that four-fifths of the proteins iden-
their intensities of upon guanidination [1,41]. tified were associated with the outer membrane of

Four bars in Fig. 3 stand out from the others. the bacterium. Some of the proteins identified on the
These bars correspond to F, Y, and W occurring at stalk 2D gel, like TonB-dependent receptors, were
the C termini of the ‘‘random’’ peptides, and N expected to localize to the outer membrane. How-
appearing at theN-termini of the ‘‘random’’ pep- ever, analyses of the protein sequences associated
tides. The cleavages C-terminal to F, Y, and W with 20 identified gel spots using thePSORT pro-
represent chymotryptic activity, either due to con- gram did not strongly predict subcellular localiza-
taminating chymotrypsin or pseudotrypsin formed by tions [18]. Furthermore, if these are outer membrane
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proteins and are processed by the general secretory mass spectra. Its fractional mass suggests that it may
pathway, signal peptides should be predicted [20]. be a peptide ion (see Fig. 2). Since it only appears in
However, SignalP yielded no such predictions for guanidinated mass spectra, it most likely contains at
many of these. A possible explanation for this least one lysine. Another common, yet uninterpret-
dichotomy would be that the sequences of the N- able, mass observed only in unguanidinated data was
terminal regions of these proteins were incorrect. In atm /z 2311.15 (eight times). An unmatched peak at
Caulobacter, more than two-thirds of all codons m /z 1335.75 was observed in six different un-
have G or C in the third position; a correctly guanidinated spectra and six different guanidinated
annotated gene should reflect this GC bias [65,76]. spectra. It was observed as a ‘‘consistent’’ peak in
This led us to examine the GC bias and codon two different samples. An ion atm /z 2383.98 was
preference near the proposed start site for each of the observed in five different unguanidinated mass spec-
20 proteins usingCODONPREFERENCE (GCG, tra and two different guanidinated mass spectra. The
Madison, WI). We found that, in many of these cases, fractional masses of all the above listed ions are
the GC bias increased a number of nucleotides consistent with them being peptide in nature (see Fig.
downstream from the reported initiation codon, 2). They appear too ubiquitously to be peptides from
suggesting that the initiation site was incorrectly co-migrating proteins, especially since little evidence
assigned. Similarly, the occurrence of rare codons in of co-migration was observed [1]. It is much more
many of these cases did not drop until several likely that contaminants introduced during sample
residues downstream from the reported start codon. handling are responsible for these masses. As with
The increase in GC bias and decrease in rare codon autolysis and keratin peptides, they could be placed
usage coincided in several cases allowing for the on an exclusion list in future experiments to reduce
prediction of new start codons.SignalP was then the number of false identifications. The masses and
used to determine if the new initiation sites predicted occurrences of all unexplained peaks observed six or
by GC bias and codon preference would also result more times in unrelated spectra are summarized in
in the prediction of signal peptides.PSORT sug- Table 1. Work is currently underway to sequence and
gested the probable localizations of the proteins identify them. Unfortunately, many of these ions

2resulting from the new initiation sites. In eight of the were of low intensity, making MS experiments
20 cases, the new initiation sites resulted in definitive difficult.
predictions of signal peptides and subcellular locali-
zations. In seven additional cases, the original initia-
tion codons led to decisive predictions of signal 4 . Discussion
peptides, but no localization predictions were sug-
gested. A possible reading frame shift was identified Since peptides were not identified by sequencing,
in ORF CC3444 during the GC bias analysis. the credibility of our assignments was based primari-
Furthermore, all 14 peptides matched to ORF 3444 ly on recurrence of observation and consistency with
were from the portion of the protein sequence C- previously published results. For example, the signal
terminal to the putative frame-shift. However, since peptide analysis was rather unambiguous; signal
no peptides upstream from of the frame-shift were peptide cleavage is well documented and two differ-
observed, the exact location of the frame-shift could ent algorithms led to compatible assignments. The
not be established. deamidation of NG by guanidination, the guanidina-

tion of N-termini, and the observation of unexpected
3 .10. Artifacts: unexplained yet commonly tryptic autolysis peptides were all examples of
observed masses experimental observations that occurred often

enough that their interpretation is compelling. The
A small number of unmatched masses were ob- occurrence of matrix–alkali clusters had been previ-

served in several different gel spot digests yet they ously reported [56,57], but not in the PMM litera-
could not be explained. For example, an unmatched ture. Because the number of proposed ‘‘random
feature atm /z 2092.01 appeared in 17 guanidinated cleavage peptides’’ exceeds the number of unmat-
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ched masses that they explain, their proposed inter- of all amino acids in a protein. Protein pI values
pretations cannot all be correct. However, the were calculated using an algorithm designed after the
chymotryptic cleavages were supported by both work of Bjellqvist et al. [23,77]. Table 2 summarizes
repetition (nine consistent peaks could be explained data for all ORFs that either had start codons
as having chymotryptic cleavages at one terminus), reassigned or signal peptide cleavages predicted. The
and previous documentation (both in tryptic auto- predicted pI values of several proteins changed
lysates [52,57] and experiments specifically de rather dramatically, especially ORFs 163, 2149,
signed to evaluate pseudotrypsin [53,54]). 3272, and 3494, all of which shifted by more than 1

pI unit. The portion of a protein sequence that is
4 .1. The impact of start codon reassignment and removed when the start codon is reassigned may
signal peptide cleavage contain any number of charged residues, the removal

of which can change the predicted pI.
The effects of start codon reassignments and In isoelectric focusing, each protein should mi-

signal peptide cleavages on predicted protein pI grate to the gel position that has the same pH as its
values and molecular masses were examined. Molec- isoelectric point. Fig. 4A is a plot of predicted pI
ular masses were calculated by summing the masses versus migration distance in the first dimension of

the 2D separation. In cases where multiple gel spots
were identified as the same protein, only the most
basic spot was used to generate the plot, since, asTable 2
discussed above, most modifications make proteinsORFs for which a new start codon was assigned, and/or a signal

peptide cleavage was predicted more acidic [22]. Fig. 4A has a substantial number of
outlier proteins that migrate to positions more acidicORF Original Modified Original Modified

mass mass pI pI than their sequences would predict. Fig. 4B displays
the same data after accounting for signal peptide163 50 225 43 539 9.48 6.43

] ]] ]] ] ] cleavages and start codon reassignments. The num-170 53 185 51 375 4.43 4.52
171 97 310 94 421 5.47 5.38 ber of outliers is somewhat reduced. One of the
210 92 480 85 581 5.98 5.61 remaining outliers is the spot containing ORF3444,] ]] ]] ] ]
288 117 218 109 786 5.31 4.85
] ]] ]] ] ] the ORF with the putative frame-shift. Since the
300 44 051 41 878 7.05 6.51

exact position of the frame-shift is not known, a454 88 902 86 374 5.53 5.34
precise pI prediction is impossible. Three of the455 61 598 59 244 6.17 6.06

600 29 168 26 754 6.38 5.54 other outliers are spots containing ORFs 792, 1460,
902 61 209 59 148 4.64 4.64 and 1461. All three of these proteins are flagellins,
925 112 906 108 627 5.8 5.63 and the pI values of flagellins inMethanococcus

1375 49 865 47 278 5.59 5.24
jannaschii have been shown to vary somewhat with1750 69 353 67 237 5.98 5.81
different growth conditions [78]. Unfortunately, the1914 22 360 20 177 9.71 9.51

2149 92 459 82 985 6.19 5.15 shifts observed by Giometti et al. are not enough to] ]] ]] ] ]
2257 29 567 27 155 9.66 9.39 explain the discrepancy between predicted pI values
2925 39 763 37 921 6.27 6.65 and observed gel migrations for these three spots. It
3146 88 828 86 718 8.56 8.27

is important to note that different algorithms yield3147 89 274 87 034 8.76 8.58
varying pI predictions for the same protein sequence.3228 30 511 28 351 9.23 8.91

3272 37 947 35 378 8.93 6.58 All such programs derive their predictions by taking
3392 22 525 19 842 9.41 8.93 into account the number of charged residues and
3494 47 605 40 531 9.06 5.47
] ]] ]] ] ] their unique pK values. Unfortunately, there doesa3584 99 145 96 622 6.1 5.91

not appear to be universal agreement on which pKa
Rows in bold represent cases in which the new N-terminal values to use. For example, chicken lysozyme has an

tryptic peptide was observed. Underlined rows represent those
observed pI of 11.1 [79]. The Compute pI /MWORFs for which a new start codon was predicted. ORFs are
algorithm [80] found at SwissProt (us.expasy.org/numbered according to the latest release of theCaulobacter

genome [61]. tools /pi tool.htm) predicts a pI of 9.3 for this
]
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Fig. 4. Relation between predicted pI and migration distance (A) before and (B) after correcting for improper start position and signal
peptide cleavage. The dashed line is the approximate pH gradient for the 3-10NL IPG strip. (Amersham Pharmacia Biotech technical note
Immobiline Drystrip Visualization of pH Gradients found at: http: / /www2.apbiotech.com/applic /upp00738.nsf /vLookupDoc/185267373-
F640/$file /18114060ab.pdf).

protein, and the ProteinTools program from predicted molecular masses of the identified proteins
ChemSW (www.chemsw.com) predicts 9.2. as a function of spot migration distance. The mass
Prodigies predicts a pI of 10.9 for lysozyme. It changes induced by start codon reassignments and
should be noted that none of the programs took into signal peptide cleavages hardly affected the log plot
account lysozyme’s four disulfide bonds. Further- (data not shown).
more, for proteins in which the number of acidic and The excellent agreement between predicted intact
basic residues is nearly equal, any modification can protein mass and gel migration distance in the SDS
have a dramatic effect on pI. For example, ORF dimension suggests that the latter can provide useful
CC1460 is one of the outliers in Fig. 4B. It has 22 information for identifying proteins. It can be used
basic residues and 21 acidic residues [61]. Removal either to limit the number of candidates for a gel spot
of one basic residue changes the pI predicted by or to increase the confidence of an identification.
Prodigies from 9.13 to 7.59, and removing two basic Based on Fig. 4, predicted pI does not appear to be
residues drops the predicted pI to from 9.13 to 5.22. so useful for protein identification. Although consi-
Compute pI /MW predictions reached similar conclu- derable data scatter are evident, the plot of predicted
sions. pI versus gel migration distance would look even

The effect of reassigning start codons or cleaving worse if cases of the same protein in multiple gel
signal peptides on the mass of a protein tends to be spots were not removed. That simplification was
relatively insignifcant. In the SDS dimension, the introduced only after all spots were analyzed. Clear-
migration distance is proportional to the log of the ly, predicted pI should be used judiciously as a
molecular mass [81]. Fig. 5 plots the log of the parameter for peptide mass mapping studies of
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Fig. 5. Dependence of log(predicted MW) and SDS gel migration before correcting for start codon reassignment and signal peptide
cleavage.

poorly annotated genomes, while intact molecular extracts of gel spot 36. The letters denote masses
mass predictions are generally quite useful. corresponding to some of the phenomena described

in the Section 3, and are defined in Table 3. This
4 .2. Effect of unmatched masses on peptide mass example demonstrates that both intense and weak
mapping unmatched peaks can be interpreted as modified

tryptic peptides of the protein(s) already identified in
Fig. 6 contains mass spectra of the tryptic peptide a gel spot. Tables 3–5 are the master hit arrays

Fig. 6. Mass spectra obtained from the (top) unguanidinated and (bottom) guanidinated tryptic peptide extracts from gel spot 36. Asterisks
denote peaks with masses corresponding to predicted tryptic peptides from ORF CC1750. The letters are defined in Table 3.
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Table 3
Master hit array (MHA) for the unguanidinated tryptic digest of the proteins in gel spot 36

1750 878 13 339 652 701 804
h27j h9j h8j h8j h8j h8j h8j

1902.87 20.05 * * * * * *
1988.95 20.04 * * * 0.12 * *
1744.98 20.02 20.06 * 20.03 20.08 20.01 *
1258.64 0.01 0.06 20.02 * * 20.01 0.03
1584.83 20.04 * * * 0.02 * *
2216.08 20.04 * * 0.10 * * 0.07
1295.57 20.01 * * * * * *
2267.16 20.03 * * 20.14 * * 0.05
1573.73 0.00 * * * * 0.03 20.04
1335.71 C 0.00 * * * * *
2726.42 A * * * * * *
705.31 0.03 * * 0.07 * * *

1309.69 B * 20.04 * * 20.11 *
2360.22 20.03 * * * * * 20.06
733.43 0.01 * 20.13 * * * *
885.41 0.01 * 0.12 * * * *

2132.01 20.04 * * * * * *
1974.17 20.07 * * * * * *
1194.51 0.07 0.1 * * 0.1 * *
2518.37 20.06 20.03 * * 0.09 * *
1918.87 E * * * * * *
1515.85 20.05 * 20.04 * 20.02 0.00 *
1123.51 0.07 0.01 * * * * *
1317.73 0.01 * * * 20.12 * *
1307.67 E * * * * * 0.11
1561.84 0.00 * * 0.02 * * *
871.03 G * * * * * *
2663.34 20.05 0.11 * * * * *
846.33 0.06 * 0.11 0.14 * * *

1170.62 0.02 0.01 20.02 * * 0.01 0.10
1090.52 0.05 * * * * * *
1715.85 0.00 0.03 * * * 0.11 *
3227.52 F * * 0.08 0.07 * *
2422.3 C * 0.01 * * 20.03 20.09
2641.36 20.06 * * 20.03 * * *
3160.51 C * * * * * *

The top row lists ORFs ranked by number of matches between theoretical peptides and observed masses. The experimentally measured
masses are listed in order of decreasing intensity in the left-hand column. The total numbers of measured masses matched to each ORF are
in braces. The fractional numbers represent differences between observed and theoretical masses. Capital letters represent initially
unmatched masses that can be explained as: (A) new N-terminal tryptic peptide after signal peptide cleavage; (B) peptide with a deamidation
at an NG sequence; (C) doubly oxidized tryptophan peptide; (D) peptide with N-terminal glycine guanidinated; (E) peptide contains one
tryptic and one random cleavage; (F) trypsin autolysis or keratin peptide; (G) matrix–alkali cation cluster.

generated during the analysis of gel spot 36 [1]. The represent differences between observed and theoret-
top row lists ORFs ranked by number of matches ical masses. Most of the masses in the three MHAs
between theoretical peptides and observed masses. that do not match ORF1750 can be explained by
The experimentally measured masses are listed in seven of the effects described above. Guanidinated
order of decreasing intensity in the left-hand column. data allow confirmation of putative assignments, and
The total numbers of measured masses matched to Table 4 is the MHA generated from the guanidinated
each ORF are in braces. The fractional numbers mass spectrum. The ‘‘random’’ cleavage peptide
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Table 4
MHA from the guanidinated tryptic digest of the proteins in gel spot 36: letters are defined in Table 3

1750 503 373 701 826 1604 1778
h22j h8j h7j h7j h7j h7j h7j

1584.84 20.05 * * * * * *
1603.95 20.09 * * * * * *
1615.83 20.08 * 20.02 20.05 0.06 * *
1236.55 0.05 20.02 * * 0.11 * 0.08
1988.91 0.00 * 0.12 * * * *
1944.86 20.01 * * * * * *
1645.91 D * 20.03 20.06 20.13 0.02 *
1377.66 C * 0.11 * * * *
2216.06 20.01 * * * * * *
1258.62 0.03 0.1 * 0.01 20.04 * *
2309.14 0.02 * * * * * *
1986.9 * * * * * * *
705.51 E 20.13 * * * * *
885.31 0.11 * * * * * *

1309.63 B * 0.03 20.05 0.06 * *
733.58 20.14 * * * * * *

2360.21 20.02 * * * * * *
1717.83 20.13 0.04 * * * * *
1220.53 0.08 0.09 * * * * 0.1
1515.84 20.04 * * 0.01 * 20.09 *
1943.93 0.01 * * * * * *
2769.44 A1B * * * * 0.01 *
712.39 * * * * * 0.08 *

1295.54 0.02 * * * * 0.08 *
1960.87 E * * * * * *
1745.01 20.05 20.08 * 20.05 * * 20.07
775.49 D * 20.10 * * 20.03 20.12

1419.69 E 20.07 20.11 * 20.05 * *
1349.63 * * * * * * *
1123.67 20.10 * * * * * 20.08
1359.77 20.01 * * 20.02 20.09 20.07 *
2683.34 20.02 20.07 * * * * 0.00
3160.55 C * * * * * *
2518.38 20.07 * * * * * 20.08

proposed for them /z 1307.67 ion (indicated in bold supported by guanidination as was the proposed
in Table 3) in the unguanidinated sample contained deamidation peptide. Similarly, the proposed N-
two lysines. A peak atm /z 1391.69 would be terminal fragment that arises after cleavage of the
expected in the guanidinated mass spectrum. How- predicted signal peptide was observed in both un-
ever, a peak atm /z 1349.63 (indicated in bold in guanidinated and guanidinated data. Five new con-
Table 4) was seen in the guanidinated sample, sistent peaks were identified following interpretation
implying that the peptide responsible for them /z of the previously unmatched masses.
1307.67 peak contained only a single lysine. These Consistent masses are the most important source
data suggest that the proposed ‘‘random cleavage’’ of information for identifying proteins using the
peptide is not present in the sample. This dem- Prodigies algorithm. These pairs of mass spectral
onstrates the importance of a having a second features that appear in both the unguanidinated and
technique such as guanidination to increase the guanidinated spectra convey both mass and limited
credibility of assignments. For example, two of three sequence information. The advantages of using con-
tryptophan oxidations proposed in Table 3 were sistent masses for peptide mass mapping have been
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Table 5
Consistent MHA for gel spot 36: letters are defined in Table 3

1750 652 701 804 2698 2806 3462
h18j h5j h5j h4j h4j h4j h4j

1902.87 20.05 * * * * * *
1988.95 20.04 * * * * 0.12 *
1744.98 20.02 20.08 20.01 * * * *
1258.64 0.01 * 20.01 0.03 0.03 * *
1584.83 20.04 0.02 * * * * 20.01
2216.08 20.04 * * * * * 0.04
1295.57 20.01 * * * * * *
2267.16 20.03 * * 0.05 20.03 * *
1573.73 0.00 * 0.03 20.04 * * *
1335.71 C * * * 0.02 * *
1309.69 B * 20.11 * * * *
2360.22 20.03 * * 20.06 * * *
733.43 D * * * * * *
885.41 0.01 * * * * * *

2132.01 20.04 * * * * * *
1194.51 0.07 0.1 * * 0.13 * *
2518.37 20.06 0.09 * * * * *
1918.87 E * * * * * *
1515.85 20.05 20.02 0.00 * * * *
1317.73 0.01 * * * * 20.08 0.06
1307.67 * * * * * 20.05 *
1561.84 0.00 * * * * * *
2641.36 20.06 * * * * 20.06 20.08
3160.51 C * * * * * *

thoroughly described [1]. Briefly, their use decreases spectra from the gel spot identified as ORF CC2369
the minimum number of matched peptides required contained only four consistent peaks, limiting the
to identify a protein by about 35% on average, in the confidence of its assignment to less than 90%. A
process making experiments less sensitive to sources reinterpretation of the unmatched masses uncovered
of chemical noise. In addition, use of consistent two additional consistent peaks allowing the identifi-
peaks limits the influence of random matches that cation to be made with 98% confidence.
arise because peptides from different proteins can
have identical or nearly identical masses. Any loss of 4 .3. Using the knowledge gained from interpreting
consistent peptides significantly frustrates the identi- unmatched masses:
fication of proteins. Guanidination-induced deamida-
tion of asparagine caused 31 consistent peaks to be The phenomena described in this document can be
missed in the analyses of theCaulobacter stalk gel advantageously exploited in future PMM studies.
spots. Conversely, three new consistent peaks were The observation of a mass shift of 1 or 2 u upon
discovered when signal peptide cleavage was consid- guanidination could indicate the presence of one or
ered. Although spectra of gel spot 36 digests con- two NG sequences in a peptide. Similarly, the
tained a great deal of information and the identifica- observation of multiple guanidinated peaks for the
tion of the protein associated with it was not same peptide suggests the presence of G at its
significantly affected by the phenomena described in N-terminus. This is analogous to the observation of
this report, one or two additional consistent peptides two masses spaced by 16 u often implicating a
can have a significant impact on the analyses of mass methionine [7]. The ‘‘random signal peptide cleav-
spectra with fewer peaks. For example, the mass age’’ algorithm was helpful in confirming the reas-
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signed start codon for ORF163. Furthermore, many peptide sequencing, this approach is probably not
of the signal peptide cleavages sites proposed by fruitful.
Prodigies were confirmed bySignalP 2.0. These are
all examples of unique diagnostic information gained
without extra sample processing, such as digestion of 5 . Conclusions
a replicate sample with a second proteolytic enzyme.
This type of analysis simply requires a second Explanations for 590 of 782 previously unmatched
interpretation of the data that can be included in masses encountered during peptide mass mapping
peptide mass mapping algorithms. One can envision experiments on electrophoretically separated
improved scoring algorithms that account for these Caulobacter stalk proteins were presented. These
new effects when assigning confidence limits to were derived only after proteins were identified
identifications. based on other mass spectral data. Eleven masses

Autolysis peptides and matrix–alkali clusters are could be explained as N-terminal tryptic fragments
all excellent candidates for internal calibrants in of proteins following signal peptide cleavage, and
tryptic digest mass spectra [57]. Uncommon auto- eight proteins were suggested as having improperly
lysis peptides may prove useful as calibrants in assigned start codons. Some of the shortened protein
some experiments, especially those abovem /z 2300. sequences led to radically altered pI predictions that
The problem with these ‘‘contaminant’’ masses were consistent with gel migration data. One putative
(autolysis peptides, matrix–alkali clusters, ‘‘ubiquit- frame-shift was identified. Twenty-four of the un-
ous’’ masses, and keratin peptides,) is that any matched masses were assigned as tryptic peptides
analyte ion of similar mass is discarded without containing doubly oxidized tryptophans. Some of
further analysis. For example, anyCaulobacter these occurred as consistent pairs of peaks. There
peptide with a mass nearm /z 2163.06 in an un- was no correlation between tryptophan oxidation and
guanidinated mass spectrum will not be identified guanidination or storage time. Forty possible deami-
since all signal at thatm /z ratio is assumed to arise dations were uncovered, 34 of which arose from
from the autolysis peptide of the same mass. Further- peptides with NG in their sequences. The deamida-
more, in the case of low intensity peptide ions, the tion of NG was significantly enhanced by guanidina-
entire isotopic envelope near a ‘‘contaminant’’ ion tion. Eighteen peptides had their N-termini guanidi-
may be rendered useless. Obviously, steps should be nated. Most importantly, the N-terminal residue in
taken to limit the introduction of keratins and other each was glycine. Nevertheless, the guanidination of
contaminants during proteomics experiments to re- N-terminal glycine does not always occur.
duce the amount of extraneous or unproductive Three hundred and fifty-four of the masses could
information. be explained as arising from 510 peptides with a

Although not previously discussed, single amino ‘‘normal’’ tryptic cleavage on one side and a random
acid substitutions can explain a number of our or non-tryptic cleavage on the other. Eighty-six of
unmatched masses. These could arise from either these ‘‘random’’ cleavage peptides showed cleavage
genome sequencing errors or single point mutations. C-terminal to F, Y, and W residues, consistent with
In order to assess the impact such substitutions might chymotryptic activity. Nine of these chymotryptic
have on peptide mass mapping,Prodigies was peptides were observed as consistent pairs. There
directed to sequentially change each amino acid in was an anomalously high frequency of putative
every theoretical peptide for all ORFs listed in each cleavages N-terminal to asparagine. Three of the
MHA. This new list of peptide masses was then ‘‘random cleavage’’ peptides displaying hydrolysis
compared to the unmatched masses in each spec- N-terminal to asparagine were observed as consistent
trum. Unfortunately, almost every unmatched mass pairs. Several uncommon autolysis peptides were
that could be assigned to a peptide created by a described and summarized in Table 1. Twenty-three
single amino acid substitution yielded multiple pro- keratin peptides were observed with the most com-
posed substitutions. Because it would be impossible mon beingm /z 832 in unguanidinated mass spectra,
to know which of these, if any, is valid without andm /z 1108 and 1151 in guanidinated mass
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