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Abstract: Extraction of crude membrane fractions with alkaline solutions, such as 100-200 mM Na2CO3 (pH ~11), is of-

ten used to solubilize peripheral membrane proteins. Integral membrane proteins are largely retained in membrane pellets. 

We applied this method to the fractionation of membrane proteins of the plague bacterium Yersinia pestis. Extensive hori-

zontal spot trains were observed in 2-DE gels. The pI values of the most basic spots part of such protein spot trains usually 

matched the computationally predicted pI values. Regular patterns of decreasing spot pI values and in silico analysis with 

the software ProMoST suggested ‘n-1’ deamidations of asparagine (N) and/or glutamine (Q) side chains for ‘n’ observed 

spots of a protein in a given spot train. MALDI-MS analysis confirmed the occurrence of deamidations, particularly in N 

side chains part of NG dipeptide motifs. In more than ten cases, tandem MS data for tryptic peptides provided strong evi-

dence for deamidations, with y- and b-ion series increased by 1 Da following N-to-D substitutions. Horizontal spot trains 

in 2-DE gels were rare when alkaline extraction was omitted during membrane protein sample preparation. This study 

strongly supports the notion that exposure to alkaline pH solutions is a dominant cause of extensive N and Q side chain 

deamidations in proteins during sample preparation of membrane extracts. The modifications are of non-enzymatic nature 

and not physiologically relevant. Therefore, quantitative spot differences within spot trains in differential protein display 

experiments following the aforementioned sample preparation steps need to be interpreted cautiously.  
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INTRODUCTION 

 Proteomic analysis of bacterial pathogens is useful to 
determine the expression of virulence factors and to charac-
terize their dynamic changes under varying environmental 
conditions [1]. Membrane-associated proteins often play 
important roles in virulence and are implicated in the modu-
lation of cell surface characteristics of bacterial pathogens in 
their host environments. In the Gram

-
 bacterium Yersinia 

pestis, such proteins are the plasminogen activator (Pla) [2], 
the capsular F1 antigen [3], components of the type III secre-
tion system [3] and the outer membrane (OM) protein Ail 
[4]. Membrane proteins tend to be less abundant and are less 
soluble in aqueous buffers than cytoplasmic and periplasmic 
proteins. Membrane proteins are typically enriched in pellet 
fractions of cell lysates and selectively extracted from mem-
brane phospholipids [5, 6]. To isolate proteins with different 
membrane association features, the crude membrane fraction 
is washed with high salt buffers (e.g. 2.5 M NaBr), followed 
by alkaline extraction (e.g. 180 mM Na2CO3, pH 11.3) and 
solubilization of the remaining membrane pellet with a dena-
turing buffer (e.g. 8 M urea, 2 M thiourea and 1% amidosul-
fobetaine-14). High salt buffers solubilize extrinsic and 
membrane-adsorbed proteins by weakening their electro-
static interactions [7]. Alkaline extraction generates open 
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membrane sheets from sealed membrane vesicles, resulting 
in removal of the majority of membrane-attached proteins 
devoid of transmembrane domains (TMDs) [8-10]. Deter-
gents have varying degrees of effectiveness to solubilize and 
separate TMD proteins from associated phospholipids.  

 Post-translational modifications (PTMs) are biologically 
important, often enzymatic events that alter the function or 
the susceptibility of a given protein to degradation. Even 
though PTMs are not as frequent and less complex in bacte-
ria compared to eukaryotes, they are known to occur. This 
includes the removal of short N-terminal signal peptides se-
quences from proteins destined for export, the removal of 
longer peptides from the N- or C-termini of enzyme precur-
sors, e.g. peptidoglycan hydrolases [8], the removal of C-
terminal fragments from cell wall-anchored proteins in 
Gram

+
 bacteria [9], phosphorylation of T, S or Y residues 

[10], methylation [11] and even protein glycosylation [12]. 
Such PTMs can result in significant shifts of pI and Mr val-
ues giving rise to spot trains in 2-DE gels. Glycosylation 
[13], phosphorylation [14], carbamylation [15] and prote-
olytic truncation [16] are known causes for altered pI and Mr 
values of proteins. Phosphorylation results in acidic pI shifts 
by 1 to 2 pH units per phosphoryl group [17]. Most PTMs 
are relatively infrequent and occur in small ratios compared 
to the unmodified protein. Therefore, the display of spot 
trains in 2-DE gels suggests chemical protein modifications 
rather than true PTMs. Frequently reported chemical modifi-
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cations are acetylation, deacetylation, deamidation, oxidation 
and dephosphorylation of amino acid side chains as well as 
tryptophan decomposition [18-20].  

 Spot trains of bacterial proteins with acidic pI shifts in 2-
DE gels have been reported, e.g. for Escherichia coli [21]. 
Acidic pI shifts have been associated with side chain deami-
dation reactions in the amino acids asparagine (N) and glu-
tamine (Q) for human blood plasma proteins [22]. Deamida-
tion reactions of N-glycine (NG) sequences were linked to 
sample preparation issues [23] and reported for bacterial and 
eukaryotic proteins [24, 25]. A single deamidated N or Q 
residue should result in a net Mr gain of 1 Da for a protein 
(not detectable in 2-DE gels) and a pH-dependent net charge 
gain detectable as an acidic pI shift. The net Mr gain of 1 Da 
can be determined in MS and MS/MS spectra of peptides 
resulting from the digestion of deamidated proteins. Here, 
we investigated the molecular causes of the appearance of Y. 
pestis membrane proteins as horizontal spot trains with 
acidic pI shifts in 2-DE gels.  

MATERIALS AND METHODS 

Bacterial Strains and Culture Conditions  

 The Y. pestis strain KIM6+ used in this study is an aviru-
lent derivative of the fully virulent KIM strain, which was 
cured of the pCD1 plasmid but retained the chromosomal 
pgm locus and the plasmids pMT1 and pPCP1 [18]. Aliquots 
of bacterial colony stocks grown on tryptose blood agar and 
stored at -80°C were used to grow 5-10 mL pre-cultures in 
PMH2 media containing 10 M FeCl3 for 8-15 hours, fol-
lowed by dilution into 0.5-1 L of the same media. Overnight 
cell cultures at 26°C were grown to an A600 of ca. 1.9-2.5. 
Cell pellets were harvested by centrifugation at 8,000  g for 
15 min at 4°C and washed with a ca. 30-fold volume of 33 
mM K2HPO4 (pH 7.5) as previously described [19].  

Membrane Protein Extraction from Y. pestis Cells  

 A lysozyme/EDTA spheroplasting method was used to 
generate spheroplasts [20]. Following cell lysis by sonication 
using 1 min on/off cycles (level 30, Branson sonifier), a 
mixed membrane pellet with inner and outer membranes (IM 
and OM, respectively) was separated from soluble cytoplas-
mic fractions by centrifugation at 108,000  g for 60 min at 
4°C. The crude membrane fraction was resuspended and 
homogenized in 10 mM Tris-HCl (pH 7.8), 5 mM EDTA, 
0.2 mM DTT, 10 g/ml Leupeptin, 5 g/ml Pepstatin, 10 

g/ml TAME and 2 mM PMSF (ca. 10 mL/g pellet weight). 
Sodium bromide was added to a final concentration of 2.5 
M, the membrane homogenate was stirred for 1h at 20°C and 
centrifuged at 51,000  g for 60 min at 4°C. Proteins resid-
ing in the high salt-extracted membrane (hs-MBR) fraction 
were concentrated using Ultrafree-4 membrane filter devices 
(Mr cutoff of 10 kDa) to ca. 1-2 mg/mL and measured with 
the bicinchoninic acid reagent (Pierce Chemicals, Rockford, 
IL). The residual membrane pellet was re-homogenized in an 
ice-cold solution of 0.18 M Na2CO3 (pH 11.3), 50 mM DTT, 
1 mM CaCl2, 1 mM MgCl2 and 1 mM MnCl. The membrane 
suspension was stirred for 1h at 4°C, followed by centrifuga-
tion at 108,000  g for 60 min at 4°C. In a control experi-
ment, the alkaline extraction step was substituted with a 2

nd
 

high salt extraction step with NaBr. Proteins solubilized with 
the Na2CO3 extraction step, called the high pH-extracted 

membrane (hpH-MBR) fraction, were concentrated to ca. 1-
2 mg/mL in Ultrafree-4 devices as mentioned above. The 
membrane pellets were frozen at -80°C. Prior to protein 
analysis in 2-DE gels, these pellets – obtained from both the 
high pH and the control high salt extraction steps - were 
solubilized with 8 M urea, 2 M thiourea, 1% (w/v) amidosul-
fobetaine-14, 2 mM tributylphosphine and 0.5% Bio-Lyte 
pH 3-10 carrier ampholytes. Following incubation for 30 
min at 20°C and centrifugation at 16,200  g for 15 min, the 
supernatants (usb-MBR fractions) were analyzed, while the 
residual pellets were discarded.  

Protein Separation and Differential Protein Spot Display 

in 2-DE Gels  

 Protein samples with an amount of ca. 100 g were 
loaded onto 24 cm IPG strips (pH ranges of 4-7 and 3-10) 
and separated in 1

st
 gel strips and 2

nd
 dimension slab gels (25 

 19.5  0.15 cm). 2-DE gel separation conditions, the gel 
staining with Coomassie Brilliant Blue (CBB), gel imaging 
methods as well as spot matching and relative quantitation 
using the gel image analysis software Proteomweaver vs.4.0 
(Bio-Rad, Hercules, CA) were previously described [24].  

Mass Spectrometry and Bioinformatic Protein Analysis  

 Peptide digests were analyzed using MALDI-TOF/TOF 
mass spectrometry (4700 Proteomics Analyzer, Applied Bio-
systems, Framingham, MA) and LC-nESI-MS/MS mass 
spectrometry (LTQ, Thermo Fisher Scientific). Methods for 
spot cutting, protein digestion with trypsin and technical 
details for the MS analysis with the LTQ instrument were 
reported previously [24]. All MS spectra represented signal 
averaging of 1,000 laser shots and, for MS/MS spectra, 
3,000 shots. In the MS/MS mode for MALDI analysis, the 
collision energy used to fragment peptides was 1 kV. A de-
fault calibration was applied using a six-component peptide 
standard spotted onto six edge or corner positions of the 
MALDI target plate. Data were searched against the latest 
release of the Y. pestis KIM strain subset of the NCBInr da-
tabase, using the Mascot search engine vs.2.1 (Matrix Sci-
ence, London, UK). Carbamidomethyl was invariably se-
lected as a fixed modification and two missed tryptic cleav-
ages were allowed, both for MALDI and LC-MS/MS. The 
MALDI mass range of data acquisition in the MS mode was 
m/z 800-4000. Search parameters included mass error toler-
ances of ±100 ppm for peptide ions and ±0.2 Da for frag-
ment ions. Protein identifications were generally accepted as 
significant when a Mascot protein score >75 and one or more 
peptide e-values <0.1 were obtained. To search for protein 
deamidations, the web-based software Findmod (http://au. 
expasy.org/tools/findmod/) was used. Manual inspection of 
mass spectra was carried out using the Data Explorer® soft-
ware vs.4.8 (Applied Biosystems). For bioinformatic predic-
tions of protein export signal sequences, the algorithm Sig-
nalP (www.cbs.dtu.dk/services) was used [25]. The 2-DE  
gel analysis software ProMoST [26] was used to determine 
pI values and the pattern of spot trains in silico 
(http://prometheus.brc.mcw.edu/promost).  

RESULTS AND DISCUSSION  

 Proteins isolated in various subcellular fractions of the Y. 
pestis KIM6+ strain grown at 26°C were profiled using 2-DE 
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gels, and spots were identified by tryptic peptide-based 
analysis of proteins with MS. This included the periplasm 
and cell culture supernatants [19], the cytoplasm and three 
fractions extracted from membrane pellets (unpublished 
data). Extensive protein spot trains were observed in 2-DE 
gels of those two membrane fractions whose proteins were 
exposed to a pH 11.3 during the extraction steps. Spot trains 
were far less prevalent in cytoplasmic, periplasmic and high 
salt-extracted membrane (hs-MBR) fractions which were not 
exposed to a highly alkaline pH. This study focused on the 
analysis of these spot trains and the inherent protein modifi-
cations from the high pH-extracted membrane (hpH-MBR) 
fraction and the urea/thiourea/amidosulfobetaine-14-solubi- 
lized membrane (usb-MBR) fraction. Proteins derived from 
the usb-MBR fraction were also exposed to the pH of 11.3, 
because the extraction step was performed subsequent to 
high pH membrane extraction with Na2CO3. After membrane 
extraction, proteins and peptides derived from them were not 
exposed to a pH higher than 8.8 - during sample preparation 
for 2-DE, the IPG and SDS-PAGE separation steps or pro-
tein digestion with trypsin. By omitting the high pH mem-
brane extraction step with Na2CO3, a control usb-MBR frac-
tion was isolated in which many of the same integral mem-
brane proteins were identified as in the usb-MBR fraction. 
However, spot trains in the control usb-MBR fraction were 
far less prevalent than in the alkaline pH-extracted usb-MBR 
fraction. This is evident when comparing the spot patterns of 
the gel images in Figs. (1A and B). While double spots with 
different pIs were observed in the control experiment (Fig. 
1B), more than 75% of the total spot volume for a double 
spot was usually associated with the more basic spot.  

 Protein identification of all the spots displayed in the gels 
of the hpH-MBR and usb-MBR fractions by MS revealed 
that many proteins partitioned into both fractions. This is 
illustrated with a few examples in Fig. (2) (AtpD, OmpA, 
Psn and LamB). Proteins were displayed as spot trains with 
nearly identical experimental Mr and pI values. It suggests 
that differential extraction of protein isoforms in the two 
fractions is highly unlikely. This notion is further supported 
by the fact that the pI spot variants are nearly absent in the 
control usb-MBR fraction (Fig. 1B). It can be concluded that 
the exposure to a high pH caused the emergence of protein 
variants with different pI values, displayed as horizontal spot 
trains. For example, OmpA and Pla did not display spot 
trains in the control usb-MBR fraction (Fig. 1B), but in the 
usb-MBR fraction (Fig. 1A). Acidic shifts for OmpA (b-1, b-
2) and Pla (a-1, a-2) spots were observed with pI values at 
~5.5 and ~5.9 (Fig. 1A). These shifts could be due to the 
addition of one and two negative charges, respectively. 
Slight sample-to-sample variations of spot numbers and spot 
intensities in a given spot train were observed and seemed to 
be related to reproducibility differences in fractionation ex-
periments rather than a lack of gel-to-gel reproducibility. For 
example, OmpA displayed a three-spot train in Fig. (1A) and 
a four-spot train in Fig. (2). Differences in spot train appear-
ance comparing distinct proteins were far greater. As shown 
in Fig. (2), the outer membrane receptor y0850 featured 
eight spots, while AtpD featured only two spots. This sug-
gested seven and one negative charge additions, respectively. 
Proteins with higher Mr values featured more extensive spot 
trains, suggesting a higher number of modifiable amino acid 
residues.  

 We assessed whether the protein environment in the 

membrane mattered regarding spot train formation. Fba, a 

cytoplasmic enzyme and possibly a contaminant in the usb-

MBR fraction, featured a double spot. AtpD, a peripheral IM 

subunit of the membrane-associated ATP synthase, featured 

a spot train. Both OmpA and Pla are integral -barrel OM 

proteins and also featured spot trains. All proteins are visual-

ized and denoted in the gels of Fig. (1). Apparently, neither 

the membrane association type of a protein nor its localiza-

tion (IM or OM) play a role in the emergence of spot trains 

after exposure to an alkaline pH. We focused on the spot 

train analysis of integral OM proteins and cannot confirm 

this notion with highly reproducible data and statistical sig-

nificance. In summary, membrane protein extraction under 

alkaline pH conditions caused widespread protein modifica-

tions which were visualized as horizontal spot trains in 2-DE 

gels and, considering acidic spot shifts, related to quantifi-

able differences in protein acidification.  

 Horizontal spot trains for bacterial membrane proteins 
have been previously reported. Spot trains of membrane-
associated proteins were profiled in 2-DE gels after extrac-
tion/wash steps with Na2CO3 at the pH of 11 in E. coli [27] 
and Pseudomonas aeruginosa [28]. Similar spot trains were 
also detected for proteins after extraction/wash steps with 
lauryl sarcosine at the pH of 7.5-7.8, in Helicobacter pylori 
[29] and Pasteurella multocida [30]. Two studies reported 
spot trains for membrane-associated proteins, following cell 
lysis at a pH of 7.5-8.0 without detergent or carbonate wash 
steps, in Borrelia burgdorferi [31] and E. coli [21]. Appar-
ently, spot trains and the underlying chemical modifications 
in proteins can result from sample preparation processes at a 
neutral pH. In the E. coli proteome analysis [21], it was sug-
gested that deamidation of N and Q side chains of proteins is 
a major cause of 2-DE spot trains. Deamidated human blood 
plasma proteins have also been linked to the formation of 
extensive horizontal 2-DE spot trains. Using MS analysis, 
Sarioglu et al. [22] determined a link between N side chain 
deamidation of proteins and the addition of negative charges 
which, in turn, results in spot trains with increasingly acidic 
pI values. Considering these reports, it was of particular in-
terest to examine Y. pestis protein spot trains in the context 
of N and/or Q deamidations.  

 Using the ProMoST software, in silico predictions of N 

deamidation reactions supported the notion that such events 

had occurred in the examined Y. pestis proteome. As shown 

in Fig. (3) for three integral OM proteins (HmsH, YaeT and 

y3404), differences in the experimental pI values and com-

puted pI values of N-deamidated protein versions for a given 

spot train were in excellent agreement. In silico side chain 

phosphorylation of S, T or Y residues in the proteins resulted 

in spot trains stretched out across a wider pH range (not 

shown here). Gel staining with the dye ProQ Diamond did 

not provide any evidence for phosphorylation in membrane-

associated proteins (data not shown). In summary, the simu-

lation of N/Q deamidations using the ProMoST software was 

in good agreement with our experimental data. The number 

of spots (n) in a train appeared to correspond to the number 

of deamidations per protein molecule (n-1). The more acidic 

a given protein spot and the higher the Mr value of the pro-

tein, the smaller the pH distance to its nearest spot neighbor.  
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 To determine whether spot trains (multiple charge vari-
ants) indeed constituted deamidated proteins, more than 100 
peptide mass fingerprint (PMF) and MS/MS datasets were 
examined. N side chain deamidation theoretically results in a 
mass shift of +0.985 Da, and PMF data indeed revealed 
many such mass shifts in spots with acidic shifts on 2-DE 
gels. The detection of deamidations in high throughput MS 
analysis mode was difficult, however, because the mass 
change for a deamidated peptide is similar to that for a natu-
rally occurring 

13
C isotope. Nonetheless, an irregular isotopic 

peak height pattern with an apparent mass shift of +1 Da was 
indicative of deamidation. This is illustrated for three tryptic 
peptides (one for Pla and two for OmpA) in the MALDI- 
MS spectra presented in Fig. (4). A tryptic peptide of Pla 
(

159
FSWTATGGSYSYNN172GAYTGNFPK181) at m/z 2490.1 

was present as a monoisotopic peak in the most basic spot 
(spot a), but absent in spot a-1 (see also Fig. 1C). In contrast, 
the monoisotopic peak at m/z 2491.1, which was deamidated 
(N172 D), was detected in spot a-1. The peptides of OmpA 
(

97
GDINN101GAFK105 and 

188
ETVGARPDN196GLLSVGVS- 

YR206) at m/z 935.5 and 1990.0, respectively, were present as 
monoisotopic peaks in the most basic spots (spots b), but 

weaker in spots b-1 and b-2 (Fig. 1C). The corresponding 
deamidated peptide peaks (N101 D and N196 D) at m/z 
936.5 and 1991.0, respectively, were stronger in spots b-1 
and b-2 (Fig. 1C). Both of the deamidated peaks were ob-
served in spot b-2. Lower peak heights of the unmodified 
peptide and the presence of more than one deamidated pep-
tide in a given spot with one negative charge gain (m/z 936.5 
and 1991.0, spot b-1) demonstrated that an individual protein 
spot was composed of a mixture of at least two distinct pro-
tein variants, each deamidated at a different N residue. Com-
parable results were reported in an analysis of human blood 
plasma proteins, but under experimental conditions without 
alkaline extraction [32].  

 Table 1 summarizes MS data for more than thirty pep-
tides that featured isotope peak patterns with +1 Da mass 
shifts for monoisotopic peaks indicative of deamidation 
events. The list reveals that a G was frequently present C-
terminal to the deamidated N residue. For example, all three 
above-mentioned OmpA and Pla peptides harbored NG mo-
tifs. The proteins PhoE and y0850, displayed as multi-spot 
trains in Fig. (2), indeed harbored several NG motifs. MS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Protein displays in 2-DE gels of Y. pestis KIM6+ membrane fractions isolated with (A,C) or without (B,D) extraction using an alka-

line Na2CO3 solution. Circa 100 μg protein was loaded onto an IPG strip (24 cm, pH 4-7), separated in the first dimension, followed by SDS-

PAGE (8-16%T) in the second dimension. Gels were stained with Commassie Brilliant Blue G-250. pI and molecular mass ranges for the 

profiled proteins are denoted. Magnified gel segments of the denoted rectangles in A and B are presented in C and D. The arrows indicate 
spots identified as OmpA and Pla. Vertical and horizontal spot trains for OmpA and Pla were reproduced in numerous 2-DE experiments. 
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Fig. (2). Spot trains for proteins extracted in two membrane fractions. In hpH-MBR and usb-MBR fractions, membrane-associated proteins 

were exposed to an alkaline pH solution. Gel separation conditions were identical to those described in the legend of Fig. (1). For each of the 

gel segments, the arrows indicate spot positions with increasingly negative protein charges towards the acidic end of the gels. Protein names 

and gene loci are based on annotation data in the KIM genome. The calculation of Mr and pI values included absent signal peptides of ex-
ported proteins, if applicable.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Comparison of experimentally observed protein spot trains (A) and in silico predicted spot trains (ProMoST software) for equivalent 

proteins. Three in silico N deamidation events per protein were considered. The outer membrane proteins are HmsH (a), YaeT (b) and y3404 

(c). Predicted spot patterns are similar to the experimental ones. The pI values denoted in (B) are calculated for proteins devoid of signal pep-
tide sequences.  
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Fig. (4). MS spectra for N-deamidated peptides derived from the Y. pestis outer membrane proteins Pla and OmpA. The numbers denoted in 

the spectra (a, a-1, b, b-1, b-2) correspond to protein spots displayed in the 2-DE gel image of Fig. (1C).  

data listed in Table 1 suggest that several proteins with acid-
shifted spots on 2-DE gels featured one or more peptides 
with +1 Da m/z gains and NG motifs. Strong evidence for 
deamidations in NG motifs was obtained from the interpreta-
tion of MS/MS data. Fragment spectra for the unmodified 
OmpA peptide 

188
ETVGARPDN196GLLSVGVSYR206 at m/z 

1990.03 and the deamidated peptide 
188

ETVGARPDD196GL- 
LSVGVSYR206 at m/z 1991.02 are provided in Fig. (5) and 
listed in Table 2. b- and y- ions increased by 1 Da starting 
with b9 and y11 ions, respectively, were observed and result 
in assignment of the deamidation to residue N196. Evidence 

from MS/MS spectra for deamidation in NG motifs was ob-
tained for 11 peptides, derived from 10 different proteins 
(Table 1). As expected, the peptides were invariably associ-
ated with acidic spot shifts. MS and MS/MS data also sug-
gested deamidations in Q side chains, e.g. for the proteins 
YaeT, OmpF and Psn (Table 1). We conclude that both Q 
and N side chains are susceptible to deamidation under alka-
line conditions. MS data did not always allow conclusive 
evidence for the occurrence of N or Q deamidations, even if 
the associated spot trains were prominent and Mascot scores 
high. The addition of a negative charge occurring during 
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deamidation from N to D and Q to E can result in depression 
of the ionization efficiency in the positive ion mode of the 
MS analysis, thus making the validation of deamidations 
more difficult. Tryptic peptides with NG motifs and less than 
seven or more than 35 amino acids were often not detected 
in MS spectra. In summary, MS data provided strong evi-
dence for deamidation events in numerous proteins with 
acidic spot shifts. We noticed a prevalence of N deamida-
tions in proteins harboring NG motifs, indicative of the fact 
that a small residue C-terminal to N facilitates deamidation. 
We have preliminary data supporting deamidations of Y. 
pestis proteins that were not exposed to alkaline solutions, in 
particular for proteins released from cells into extracellular 
media.  

 It was previously reported that deamidation proceeds 
more quickly, if N is followed by a small, flexible residue 
and exposed to alkaline environments [33, 34]. NG and NS 
sequences are particularly susceptible to deamidation [35]. A 
70-80% ratio of N deamidation in NG motifs was reported 
by Krokhin et al. after prolonged tryptic protein digestion at 
a pH of 8.2 and at 37 °C [23]. Here, we did not observe ex-

tensive N deamidation resulting from in-gel tryptic protein 
digestion reactions. In the analysis of horizontal spots trains 
of human blood plasma proteins, deamidation was reported 
to contribute significantly to spot trains with a growing 
number of negative charges [22]. Several reports indicated 
that N or Q deamidation can be relevant in protein aging and 
degradation [36, 37], protein turnover [38], protein regula-
tion [39] and apoptosis [40]. Deamidation in the context of 
protein aging would constitute a natural, though non-
enzymatic process. Enzymatic post-translational deamida-
tions have been discussed in the literature [41, 42], but there 
is general agreement that most deamidation events are non-
enzymatic and influenced by physiological conditions during 
cell growth [36] and sample preparation [37]. N and Q resi-
dues in peptides and proteins were reported to be susceptible 
to deamidation not only at alkaline pH values, but also under 
certain ionic strength, temperature, protein-denaturating and 
solvation conditions [37].  

 There is currently no evidence for the biological signifi-
cance of deamidations in membrane-associated proteins of Y. 
pestis or other Gram

-
 bacterial pathogens. Extracellular, 
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outer membrane and periplasmic proteins are more exposed 
to environmental changes in pH, temperature, oxidative and 
osmotic stress [43]. Interestingly, the four N side chains 
which are part of the NG motifs in the E. coli OM porin 
OmpG for which a crystal structure exists [44] are exposed 
on the periplasmic side, the cell surface and to the lumen of 

this porin. N deamidation of -barrel porins could influence 
diffusion rates of small ions. Yersinia pestis expresses at 
least three porins (OmpC, OmpF, and PhoE) all of which 
harbor NG motifs. All three proteins also formed marked 
spot trains under alkaline extraction conditions. Two -barrel 
OM proteins (Pla and OmpA) not only displayed horizontal, 

Table 1. Peptide Masses Indicative of N and Q Deamidations of Yersinia pestis Proteins 

Protein 

Name 

# of NG 

Motifs 

# of Observed 

Spots  

Observed MS Peaks Indicative of  

Deamidation (m/z) 

Deamidated Peptides According to  

MS/MS Spectra (m/z) 

HmsH 4 4 1101.5, 1571.8, 2061.9, 2076.9 1571.8, 2076.9 

YaeT 3 4 or 5 1191.6, 1905.9†, 1954.9†  1954.9† 

y3404 4 4 1125.5, 1168.5, 1324.7, 1508.8 1125.5 

Pla 1 2 or 3 2491.1 2491.1 

OmpA 2 3 or 4 936.4, 1991.0 1991.0 

PhoE 4 5  1119.5*,1807.8, 2071.0* 1807.8 

LamB  3 3 or 4 1405.7 1405.7 

y0850 6 8 or 9 1486.8, 2677.4, 3163.5 - 

FadL 1 2 1238.6, 1864.9 1864.9 

OmpF 3 4 1492.7†, 2982.3* 1492.7†, 2982.3 

OmpC 4 3 – 5 912.4, 1123.5*  - 

PldA 1 2 1493.7 1493.7 

RpoB 7 6 or 7 1339.6, 1608.8, 1623.8†, 1667.8, 1788.9, 1944.9†, 1957.9 - 

AtpD 1 2 - - 

Psn 3 4 1396.7, 1732.9, 1906.9, 1983.0† 1396.7, 1983.0† 

*Peptide contains two NG motifs; † deamidation was observed for peptides with the amino acid Q; all N deamidations were related to NG motifs.  

 

Table 2. Daughter Ions Produced by MALDI-MS/MS for a Deamidated Peptide of OmpA at m/z 1991.0 

Observed m/z Calculated m/z obs-calc Sequence Ion Type 

826.40 826.41 -0.01 ETVGARPD b8 

923.41 922.44 0.97 ETVGARPDN-NH3 b9- NH3 

941.44 940.45 0.99 ETVGARPDN b9 

1050.60 1050.60 0 GLLSVGVSYR y10 

1148.61 1147.61 1.00 NGLLSVGVSYR-NH3 y11-NH3 

1165.63 1164.64 0.99 NGLLSVGVSYR y11 

1263.66 1262.64 1.02 DNGLLSVGVSYR-NH3 y12-NH3 

1377.75 1376.72 1.03 PDNGLLSVGVSYR y13 

1467.82 1466.76 1.06 ETVGARPDNGLLSVG b15 

1604.93 1603.86 1.07 ARPDNGLLSVGVSYR y15 

1653.90 1652.86 1.04 ETVGARPDNGLLSVGVS b17 

1816.88 1815.92 0.96 ETVGARPDNGLLSVGVSY b18 
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but also vertical spot trains. In three repeated experiments, 
sequence coverage of the lower Mr spots was identical to that 
of the higher Mr spots, suggesting that incomplete unfolding 
accounted for the low Mr spots. Incomplete unfolding in 
SDS-PAGE gels was previously observed for the ortholo-
gous E. coli protein OmpA [32]. It is known that OmpA mi-
grates as a compact folded species unless it is completely 
heat-denatured [45]. Thus, such vertical spot trains are unre-
lated to amino acid modifications. 

CONCLUSION  

 We demonstrated that N or Q side chain deamidation in 
membrane proteins exposed to highly basic pH solutions 
accounts for the formation of extensive spot trains in 2-DE 
gels. The evidence for non-enzymatic deamidation and a 
preference for deamidation in NG motifs is strong. It is plau-
sible that deamidation of Y. pestis proteins exposed to the 
extracellular environment occurs naturally. This may con-
tribute to protein aging, protein turnover and altered func-
tions. Nonetheless, differential 2-DE display data with abun-
dance changes in distinct spots of a protein spot train with 
characteristic acidic pI shifts are likely not physiologically 
important, particularly when proteins were exposed to alka-
line solutions.  
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ABBREVIATIONS 

IM  = Inner membrane 

OM  = Outer membrane 

TMD  = Transmembrane domain 

hs-MBR  = High salt-extracted membrane 

hpH-MBR  = High pH-extracted membrane 

usb-MBR  = Urea/thiourea/amidosulfobetaine-14-
extracted membrane 
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