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Effect of ionization mode in the analysis of proteolytic protein digests
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Abstract

The bottom-up sequencing approach relies on an accurate mass fingerprint of the peptide fragments produced from enzymatic digestion.
However, this technique is complicated by “dirty” mass spectra due to matrix interferences and, especially with regard to electrospray ionization
data, the presence of multiply-charged species, both of which produce false and incorrect hits in database searches. Here, it is shown that the
quality of mass spectra of peptide digests can be improved significantly by changing the polarity of the mass spectrometer’s ionization source.
Using the negative ion mode in both matrix-assisted laser desorption ionization and electrospray ionization of peptide digests results in the
detection of a number of peaks in the mass spectra that are not observed in positive ion mode. In addition, there is considerable reduction
in interference from contaminant species in the negative ion mode versus the positive ion mode. By combining the positive ion and negative
ion mode data, greater sequence coverage and improved database search scores were obtained. When digestion is incomplete, a dramatic
enrichment in the observed abundances for digest product peptides versus the intact proteins could be obtained by changing the pH and the
ionization mode. The present results highlight the importance of using positive ion mode and negative ion mode combined to improve overall
amino acid sequence coverage and improve confidence in protein identification.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The advent of soft ionization mass spectrometric tech-
niques such as electrospray ionization (ESI)[1] and
matrix-assisted laser desorption ionization (MALDI)[2–4]
has made the analysis of large biomolecules such as pro-
teins feasible. Henzel et al. showed that by using mass
spectrometry alone, one could identify proteins isolated
using two-dimensional electrophoresis, ushering in the era
of proteomics[5]. In particular, with the ability to detect
minute quantities of proteins as well as having low sample
requirements, nanoelectrospray ionization (nanospray or
nanoESI)[6] and MALDI [7] have enabled routine sequenc-
ing of proteins. Presently, proteome analysis is typically
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performed using the bottom-up sequencing approach
[5,8–11]. This method entails separating the proteins in
the sample, enzymatically digesting them, followed by
mass spectrometric analysis. The protein sequence is then
reconstructed from the resulting peptides. This method is
dependent on obtaining an accurate mass fingerprint in or-
der to generate a match for protein identity on a sequence
database search, such as MASCOT[12]. The quality of the
mass spectra (and the ease in their interpretation) is there-
fore critical. Many database search algorithms do not take
into account salt adductions or multiple charging, the latter
of which is commonly observed in ESI, even for peptide di-
gests. Also, samples from cell lysates and gels often contain
salts and detergents, which are not particularly amenable
to MS and give poor mass spectral quality, thus increasing
the number of incorrect hits in the database search. Since
MADLI mass spectra are generally more tolerant to salts and
produce mostly singly charged species, it is the ionization
method most commonly employed for mass fingerprinting
[13], but some sample cleanup steps are still required[14].
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A comparison of different MALDI matrices for their utility
in detecting protein digest products was investigated[15],
but the negative ion mode was not reported.

However, if a protein not in a sequence database is
present, sequencing with ESI-tandem mass spectrometry
(MS/MS) becomes necessary[10]. Additionally, “shot-gun”
proteomics places an increased emphasis on nanospray,
as MS/MS is needed to identify every protein component
in the mixture[16–18]. Using nanospray also allows the
ability to routinely couple separations and sample cleanup
procedures with ionization[19,20], thereby improving mass
spectral quality.

Both MALDI and ESI analysis are usually performed in
the positive ion mode. However, the negative ion mode is
a surprisingly underutilized tool in the analysis of proteins
and protein digests. In particular, nanoESI has been shown
to analyze oligonucleotides and peptides of low isoelectric
point using both metal[21] and polyaniline[22] coated emit-
ters as well as fused silica capillaries[23] and a wire in
a pulled capillary[24]. Fewer molecules produce negative
ions [25,26] and less salt adduction is observed in the neg-
ative ion mode[27], so cleaner mass spectra result. Data
has already been shown that the negative ion mode can pro-
duce less interference for peptides than the positive mode
[22]. It should be expected then, that by using the negative
ion mode, more information and higher quality spectra from
protein digests could be obtained. To investigate this possi-
bility, a number of different proteins were digested, placed
in both an acidic and a basic solvent, and finally analyzed
in the positive ion and negative ion modes, respectively.

2. Experimental

2.1. Apparatus

Most nanospray spectra were acquired on a commercially
available PE-SCIEX Biosystems API 3000 (Concord, On-
tario) triple quadrupole mass spectrometer equipped with
a homebuilt nanospray source[28]. This source contains
within it an XYZ translatable emitter platform and mount
through which voltage is applied. Data was acquired either
with Q1 scans or in the product ion mode. The quadrupoles
were set to unit resolution in all cases. The nebulization
gas was not used, as it is incompatible with our homebuilt
nanospray source. All instrumental parameters were con-
trolled by the manufacturer’s Analyst 1.1 data system on
a Windows NT platform. In most cases the mass spectra
shown here are the sum of 15 scans.

MALDI spectra were acquired on a commercially avail-
able Bruker Daltonics (Billerica, MA) Biflex IV MALDI-Tof
mass spectrometer operating in the reflectron mode. Exter-
nal calibration was performed before each use using a mix-
ture of angiotensin II and gramicidin D. Laser fluence was
typically 35–40% and 200 shots averaged for each spec-
trum. Data acquisition was controlled by the manufacturer’s

FlexControl program and the data processing was performed
by Bruker’s XTOF software.

2.2. Reagents

All peptide samples, trypsin for enzymatic digestion, and
MALDI matrices were obtained from Sigma (St. Louis,
MO) and used without further purification. Solvents were
purchased from Aldrich (Milwaukee, WI) and were of
HPLC grade. NiagaraFlowTM nanospray emitters were pro-
vided as a gift from Nanogenesys, Inc. (Amherst, NY) and
used to obtain all nanospray spectra. MALDI matrices,
�-cyano-4-hydroxy-cinnamic acid (CHCA) and sinapinic
acid (SA), and dihydroxybenzoic acid (DHB) were dissolved
in 1:1 water:methanol solutions with 2% tri-fluoroacetic
acid (CHCA and DHB) or 1:1 water:acetonitrile with 2%
ammonium hydroxide (sinapinc acid) until the solution was
saturated. Zip TipsTM, C18 and �C18 desalting pipette-tip
columns were purchased from Millipore (Bedford, MA)
and were used according to the manufacturer’s specified
procedure.

2.3. Procedure

Approximately 0.5 mg of protein sample was dissolved
in 30�l of 50 mM ammonium bicarbonate pH 8.0 (Am-
Bic)/2 mM dithiothreitol and incubated for 30 min at 45◦C.
Then 30�l of cold 1 mg/ml tosylphenylalanyl chloromethyl
ketone (TPCK) treated (to inactivate any chymotrypsin
which may be present) trypsin in AmBic was added to
the solution and allowed to digest for 18 h at 37◦C. After
completely drying under vacuum the sample was then re-
constituted in 8–10�l of 0.5% TFA solution. For nano-ESI
analysis, samples were prepared using C18 Zip TipsTM and
∼3�l of sample was eluted into the NiagaraFlowTM emitter
with 49:49 water:acetonitrile and either 2% concentrated
formic acid (88%) or 0.1 M ammonium hydroxide. Samples
for MALDI were desalted with�C18 Zip TipsTM designed
for smaller elution volumes. Approximately 1�l was eluted
from the Zip TipTM directly onto the sample plate with the
matrix solutions. Mass spectra were acquired in the positive
and negative mode for each matrix. Isoelectric points (pI)
of identified peptides shown in the tables were obtained
theoretically by the SWISS-PROT database[29].

3. Results and discussion

3.1. MALDI analysis

MALDI analysis in the positive ion mode has been the
method of choice in analyzing protein digests because of the
high throughput and ease of interpretation. However,Fig. 1
shows that different results can be obtained by using the neg-
ative ion mode. The mass spectra inFig. 1represent extremes
between the appearance of the mass spectra in the positive
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Fig. 1. MALDI spectra of a hemoglobin tryptic digest. (a) In a CHCA matrix in the positive ion mode. (b) In a sinapinic acid matrix using the negative
ion mode. SeeTable 1for peak identities.

ion mode (with�-hydroxy-cinnamic acid (CHCA) matrix,
Fig. 1a) and negative ion mode (with SA matrix,Fig. 1b)
of the protein hemoglobin, which is a tetramer composed of
two alpha and two beta subunits. A summary comparison of
MALDI data for the hemoglobin digest as a function of ion-
ization mode and matrix used is shown inTable 1. Both mass
spectra fromFig. 1exhibit many of the same peaks, but there
are some striking differences. Most notable are the different
base peaks observed between ionization modes. In the neg-
ative mode, the base peak results from the peptide�41–59,
which has two acidic and one basic amino acid residues and
a theoretical pI of 4.21. The positive mode’s most intense
peak corresponds to the peptide�105–116, which contains
mostly neutral residues and a single Arg (theoretical pI=
9.75). It should be expected, then, that those peptides with
high pI values tend to give more prominent signals in the
negative mode, while those with low pI values tend to gen-
erate intense peaks in the positive mode. Other peaks, for
example, that for peptide�9–30 (pI = 4.25, strong nega-
tive ion mode peak), follow the same pattern. This is not
to say that peptides with low pI values always produce in-
tense negative ion signals while those of higher pI always
produce intense positive ion signals. Furthermore, there are
some differences noted between the matrixes, in particular
that DHB can produce base peaks from acidic peptides in
the negative ion modes as well as the positive ion mode, as
is observed for�-hemoglobin L96-R104 (pI= 5.32). An in-
teresting cautionary note is also noted from theTable 1data.
The presence of two distinct protein subunits in hemoglobin

prevents a good database search score for either subunit
without prior separation. The database used, MASCOT[12],
uses the Molecular Weight Search (MOWSE)[30] algorithm
to score the accuracy of a peptide mass fingerprint hit. The
score is expressed as minus 10 times the log of the prob-
ability of a match. By only searching the peaks from each
individual hemoglobin subunit, scores of 65 and 62 were
obtained for� and�, respectively.

Bovine serum albumin (BSA), cytochromec, lysozyme,
myoglobin, and�-casein were all examined according to
the same procedure. Similar results to hemoglobin were
obtained and are shown inTables 2–6. BSA, the heaviest
protein studied at 66 kDa, generated many sodiated peaks,
which the database search algorithm does not take into
account. A positive match was not returned without com-
pensating for this manually. Cytochromec and myoglobin,
proteins with an iron atom metal center in the heme group,
generated fewer peaks and the database search matches
were not high enough to be considered significant with
all the unmatched peaks taken into account. Lysozyme, a
poorly soluble protein in ESI solvents, gave more extensive
MALDI data in both the positive and negative modes and
gave the highest MOWSE scores of any of the proteins in
MALDI. Here, there are examples of one peptide gener-
ating an intense peak in one ionization mode, while being
weak or absent in the other. For example, using SA as the
matrix, the peptide corresponding to residues 24–31 (theo-
retical pI= 5.99) generates an intense peak in the negative
ion mode, and is completely absent in the positive mode. In
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Table 1
Positive and negative MALDI comparison for digests of� + � hemoglobin

contrast, the peptide corresponding to residues 115–130
(theoretical pI= 8.75) generates a strong peak in the pos-
itive ion mode but it is not observed in the negative ion
mode. Thus, by using both positive ion and negative ion
modes, a more complete peptide map is obtained, and the
MOWSE score increases dramatically. In the case of myo-
globin, where only 30% of the sequence is mapped using
CHCA in negative ion mode (MOWSE score 53, below the
level of statistical significance), nearly complete sequence
coverage (94%) is obtained when positive and negative
modes are combined using the CHCA and SA matrixes
(MOWSE score 226). A special case is noted with�-casein,
a multi-phosphorylated peptide that gave the poorest scores
in the MALDI analysis. Three peaks were detected in
which one or more phosphorylation sites were preserved,
corresponding to peptides for residues 16–40 (tetraphospho-
rylated at residues 30, 32, 33, 34), 41–63 (single phosphory-
lation site at residue 50) and the truncated 44–63. It should
be noted that the�-casein MALDI mass spectra exhibited
successive losses of phosphate from the tetra-phosphorylated
species, a phenomenon not detected in the nanospray
mass spectra of�-casein. This illustrates that MALDI
is a slightly harsher ionization method for�-casein than
nanospray.

In some cases, the presence of multiple acidic residues in
a peptide sequence produces a strong negative ion signal that
may not be present in the positive mode. For example, in
BSA, a 10 amino acid peptide E300-K309 has three acidic
residues and generates a negative ion peak (independent of
matrix) but only produces a peak in positive ion mode when
DHB is used. Similarly, a tryptic peptide from myoglobin
(H119-K133) has two acidic residues and will produce neg-
ative ions of this peptide without producing positive ions.
Notably,�-casein peptide R16-R40 has seven acidic residues
and four phosphates, and produces strong negative ion signal
using DHB but nothing in positive ion mode. Though ap-
parently less common, basic peptides may produce a strong
positive ion signal and little or no negative ion signal. For
example, a peptide from lysozyme (K115-R130) with two
basic amino acids produces strong positive ion signal but
weak or non-detectable negative ion signal. The C-terminal
peptide from�-casein (V185-V224), which contains three
basic residues, produces a strong positive ion signal us-
ing SA but nothing detectable in negative ion mode. These
trends are not a significant difference, but it does show that
using CHCA, the most widely accepted matrix for peptide
analysis[31–33], may not always be the best choice for
MALDI of protein digests. A summary of the MALDI results
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Table 2
Positive and negative MALDI comparison for digests of bovine serum albumin

Table 3
Positive and negative MALDI comparison for digests of cytochromec
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Table 4
Positive and negative MALDI comparison for digests of lysozyme

Table 5
Positive and negative MALDI comparison for digests of myoglobin

obtained is given inFig. 2. This figure shows that increased
sequence coverage information can be obtained by running
the analysis in both the positive and negative modes.

3.2. Nanospray analysis

The same proteins used in the MALDI analysis were
also studied using the positive ion and negative ion modes

of nanospray ionization. The first protein studied was BSA,
and the results are shown inFig. 3. In Fig. 3, panels a and
b show the peptide digest in an acidic solvent. The negative
ion mode spectrum (Fig. 3b) is dramatically cleaner, with
approximately an order of magnitude less noise and fewer
unidentified peaks. The positive ion spectrum (Fig. 3a)
exhibits higher absolute signal intensity as compared
to negative-ion mode at the same pH, which should be
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Table 6
Positive and negative MALDI comparison for digests of�-casein

expected since the acidic solvent will promote formation
of net positively-charged peptides. However, itsS/N for the
base peak is lower (∼25 versus∼100) than the correspond-
ing negative ion spectrum. Although because the pH of
this solution is between 4 and 5, the higher chemical noise
background may well be due to dissociated hydronium. The
sequence coverage is improved as well; 33% of the residues
in BSA are accounted for by the negative ion spectrum, as
opposed to 29% for the positive mode. As can be seen from
Table 7, there are a number of peaks that are unique to each
ionization mode. By combining the data from both modes,
the overall sequence coverage is improved to 57%. A direct

Fig. 2. Summary of the MOWSE score and percent sequence coverage
obtained in the MALDI experiments. Each protein exhibits an increase
when the negative ion mode is also taken into consideration.

consequence of this is an improved database search score
as is discussed as follows. In the case of the nanospray
mass spectra from BSA, a score of 92 was returned for
the positive mode and 119 for the negative mode. By in-
cluding only the peaks in the table (and no interference
peaks), these numbers are improved to 180 and 167. The
overall score was improved to 219 when data from both
modes were combined. It should be noted that all multi-
ply charged peptides, as identified by their isotope pattern,
were entered as the molecular mass of the peptide since
the database program does not take into account multiple
charges.

Fig. 3c and dshow the positive and negative ion mass
spectra of BSA in a basic solvent. The results (also compiled
in Table 7) are similar to the acidic solvent mass spectra. The
negative ion mass spectrum is once again cleaner than the
positive ion mass spectrum. It is also once again less intense,
but with a higherS/N for the base peak. Overall, more peaks
are present in these mass spectra, but that is most likely a re-
sult of the digestions being carried out on different days and
not the elution solvent from the Zip TipTM. Table 7shows
that reduction in score is less for the negative analyses when
the unmatched peaks are included, indicating the clarity of
the spectra. The sequence coverage and MOWSE scores are
improved when the positive ion and negative ion modes are
combined as well. The overall sequence coverage increases
from 33% in any one analysis to 57%, and the score dra-
matically improves to 381 when all four analyses are com-
bined. It should also be noticed that peaks are present in the
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Table 7
Positive and negative nanospray comparison for digests of bovine serum albumin

ammonium hydroxide elution that are not present in the
formic acid experiments, and vice versa. This suggests that
it is probably necessary to collect nanospray mass spectra
from both ionization modes and in both acidic and basic
solutions in order to acquire the greatest extent of sequence
coverage.

These experiments were repeated with cytochrome
c, a mixture of � + � hemoglobin, lysozyme, myo-
globin, and �-casein. The results of those experiments
are summarized inTables 8–12. The findings are consis-
tent with the results from the BSA digestions. Sequence

coverage for these smaller proteins, when both ionization
modes are combined, is extraordinarily high. They gave
high MOWSE scores and all scores were improved when
positive and negative ion data were combined. Cytochrome
c (Table 8) and myoglobin (Table 11), proteins that are quite
soluble in ESI solvents, gave quality nanospray mass spectra
and as a result, high MOWSE scores. Hemoglobin (Table 9)
gave excellent sequence coverage but low MOWSE scores
for the entire mass spectra since both subunits were
present the sample as a mixture as noted above. More
tryptic fragments of�-hemoglobin were detected, so that
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Fig. 3. Nanospray spectra of a bovine serum albumin tryptic digest. Peak legend: (∗) tryptic peptide in±1 charge state, (�) tryptic peptide in±2 charge state. (a) Positive ion spectrum eluted in an
acidic solvent. (b) Negative ion spectrum in an acidic solvent. (c) Positive ion spectrum in a basic solvent. (d) Negative ion spectrum in a basic solvent. SeeTable 7for peak identities.
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Table 8
Positive and negative nanospray comparison for digests of cytochromec

was the protein identified by the database when searched.
Lysozyme (Table 10) presented some solubility problems
for nanospray, but increasing the acetonitrile content to 75%
produced spectra that led to 82% overall sequence coverage
and unambiguous identification.

�-Casein (Table 12), as noted previously, is a special case
because it contains phosphorylation sites. Each phosphate
group shifts the peptide’s pI values lower, which makes
�-casein ideally suited for the negative ion mode. The pos-
itive and negative digest spectra of�-casein are shown in
Fig. 4a and b. The negative ion spectrum exhibits peaks at
1561, 1041, and 624m/z that correspond to the [M−2H]−2,
[M − 3H]−3, and [M− 4H]−4 states of a tetraphosphory-
lated peptide. The MS/MS spectrum of 1041m/z, shown
in Fig. 4c, clearly shows these phosphorylation events, ev-
idenced by the successive losses of 96 or 80 Da (PO4 and
PO3, respectively). These phosphate groups are lost both
as neutrals and as negatively charged groups (the 1520m/z
peak). The phosphorylated peaks are of much lower inten-
sity (or absent) in the positive ion mode. A low abundance
post-translationally modified protein may need to be ana-
lyzed in the negative mode in order for it to be detected.

In general, nanospray and MALDI were equally effec-
tive at ionizing small peptides with the exception of BSA.
Specifically, the number of peptides with 15 amino acids or
less detected by either positive or negative ion nanospray
is 39 for BSA (versus 22 by MALDI, the only case where
there is a significant difference), 13 for cytochromec (also
13 by MALDI), 14 for hemoglobin (13 for MALDI), 11 for
lysozyme (12 by MALDI), 12 for myoglobin (also 12 by

MALDI), and 6 for �-casein (versus 5 by MALDI). How-
ever, higher mass peptides (those 15 amino acids or larger)
tended to be observed more readily by MALDI, but that
S/N ratios for most peptides were higher in nanospray mass
spectra because of the relatively high background noise in
MALDI so that base peaks in MALDI are seldom more than
25:1 S/N. A summary of the nanospray results is shown in
Fig. 5. Although MALDI is more commonly used in pep-
tide mass fingerprinting, here nanospray revealed greater
sequence coverage for five of the six proteins (except for
�-casein) than MALDI. MOWSE scores also improved for
five of the six proteins, with the exception of lysozyme,
where the MOWSE score decreased from 209 to 161 al-
though the percentage sequence coverage increased from 66
to 82%. It is interesting to note that�-casein’s sequence cov-
erage decreased from 78 to 66% while its MOWSE score in-
creased slightly from 116 to 121. This highlights that unique
tryptic peptides can sometimes help improve specificity of
a match, even when overall sequence coverage decreases.

A correlation was sought between peptide characteristics
and their detection in either the positive or negative ion-
ization mode. At first, it was thought that the overall pI of
the peptide would be the dominant factor in determining
whether a given peptide was observed in the mass spectrum
or not; however, it can be seen from the tables that is not
true in all cases. It is worthy of note that what does appear
to be an influencing factor is the presence of multiple acidic
or basic residues in the peptide. The presence of multiple
acidic residues (glutamic acid and aspartic acid), in partic-
ular, leads to a strong signal in the negative ion mode, and
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Fig. 4. Nanospray spectra of a�-casein tryptic digest. Peak legend: (∗) tryptic peptide in±1 charge state, (�) tryptic peptide in±2 charge state. (a)
Positive ion spectra in an acidic solvent. (b) Negative ion spectrum in a basic solvent. (c) MS/MS spectrum of the 1040m/z peak of a�-casein tryptic
digest eluted in a basic solvent. This is the triply charged quadruply phosphorylated peak of the residues 16–40. Losses of 32m/z for the [M+ 4PO4]−3

form and 48m/z for the [M + 3PO4]−2 form equate to 96 Da and are indicative of a phosphate group. See the text andTable 12for further details.
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Table 9
Positive and negative nanospray comparison for digests of�- and �-hemoglobin

a weaker or nonexistent signal in the positive ion mode (by
MALDI or nanospray), although there are exceptions to this
as well. It was also observed that an acidic solvent favors the
appearance of low pI peptides and the basic solvent favors
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Fig. 5. Summary of MOWSE score and percent sequence coverage ob-
tained for the nanospray experiments. Each protein exhibits an increase
when the negative ion mode is also taken into consideration.

high pI peptides, though peptides with pI 6–8 are often ob-
served in either acidic or basic solvent. Other factors, such
as whether the peptide is on the surface or the core protein,
and peptide hydrophobicity may also play a role.

3.3. Tandem mass spectrometry of protein digests using
polyaniline coated emitters

One of the main reasons that nanospray analysis for pro-
teomics is performed in the positive mode is the commonly
held belief that tandem mass spectrometry in the negative
mode with nanospray ionization is unreliable. This stems
from the poor emitter performance that was discussed in
the introduction. The high risk of electrical discharge in the
negative ion mode with traditional metal-coated emitters
prevented MS/MS from being a viable option. However,
with new technologies, such as polyaniline coated emitters,
the negative ion mode has become much more stable[22].
Not only can negative ion MS/MS be used reliably for de-
tection and localization of highly negative functional groups
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Table 10
Positive and negative nanospray comparison for digests of lysozyme

(Fig. 4c) but it also can be used to sequence peptides and
proteins. There has been precedence for sequencing in the
negative mode with ESI in the literature[25], but nanospray
has been infrequently used. To demonstrate the capabilities

Table 11
Positive and negative nanospray comparison for digests of myoglobin

of polyaniline coated nanospray emitters, the six proteins
used in the study were subjected to digestion followed by
product ion MS/MS analysis in the negative ion mode. At-
taining a high level of signal for the MS/MS study was a
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Fig. 6. Negative ion nanospray product ion MS/MS spectra from tryptic digest samples. (a) Hemoglobin, doubly charged ion atm/z 999.2, (b) myoglobin,
singly charged ion atm/z 746.7, and (c) lysozyme, singly charged ion atm/z 1045.
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difficulty, but only because the triple quadrupole instrument
has a spray voltage limitation of−4500 V for negative ion
MS/MS whereas the limit is−5500 V for a Q1 scan. That
led to decreased ionization efficiency so only the most in-
tense peaks yielded quality MS/MS spectra. However, no
electrical discharge occurred at any time, and the signal

Fig. 7. Nanospray spectra obtained from an incomplete tryptic digest of lysozyme after elution in an acidic solvent as described in the text and in
Table 10. Peak legend: (∗) tryptic peptide in±1 charge state, (�) tryptic peptide in±2 charge state,+X = [M + XH]+X. (a) Positive ion spectrum,
intact protein is still present. (b) Negative ion spectrum, only tryptic peptides are detected.

remained steady throughout the course of the experiments.
Examples of the data obtained from hemoglobin, myoglobin,
and lysozyme are shown inFig. 6a–c. All three spectra
exhibit the characteristic b- and y-series fragmentation pat-
tern typical of peptides, which led to their proper identifi-
cation from human interpretation of their mass spectra. The
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MASCOT database could not generate a significant match
because of its inability to search negative ion MS/MS
spectra.

Negative ion nanospray MS/MS is a feasible technique,
when the correct technology is used. However, because of
its limited acceptance, the software required to fully ex-
ploit it has not been developed. If the usage of negative

Fig. 8. Nanospray spectra obtained from an incomplete tryptic digest of cytochromec after elution in a basic solvent as described in the text andTable 8.
Peak legend: (∗) tryptic peptide in±1 charge state, (�) tryptic peptide in±2 charge state,−X = [M − XH]−X. (a) Negative ion spectrum, intact protein
still present. (b) Positive ion spectrum, intact protein no longer detected but tryptic peptides are.

ion nanospray MS/MS goes up, this situation is likely to
change.

3.4. Filtering incomplete digestions

Proteins may not always fully digest due to inaccessi-
ble sites, high levels of folding, insolubility, or even poor
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Table 12
Positive and negative nanospray comparison for digests of�-casein

reactivity with trypsin. However, there is still valuable in-
formation that can be obtained in the mass spectra of such
digestions. The nanospray spectrum of an incomplete di-
gestion of lysozyme nanosprayed in an acidic solvent and
detected in the positive ion mode is shown inFig. 7a. The
intact protein dominates the mass spectrum, but some tryp-
tic peptides are evident. If the same sample is run in the
negative ion mode (Fig. 7b), the intact protein is no longer
detected and the tryptic peptides now dominate the mass
spectrum, providing enough information for the protein to
be identified. This is due to the fact that the protein is highly
positively charged in the acidic solvent, so multiply-charged
ions are selected against when changing the polarity nega-
tive. The tryptic peptides themselves on average are much
less positively charged than the entire protein, so it is much
more facile for these peptides to generate negative ions.
This phenomenon also applies to highly negatively charged
proteins.Fig. 8ais an incomplete digestion of cytochromec
in a basic solvent analyzed in the negative mode. The intact
protein once again dominates the spectrum. When analyzed
in the positive ion mode (Fig. 8b) the intact protein is se-
lected against and not detected, but some tryptic peptides
are detected. The sequence coverage is not as great as in a
more complete digestion, but the mass spectral quality is
improved enough to identify the protein. This methodology
could be advantageous when sample is limited. There may
not be enough sample to rerun the digest or another sam-
ple may not be available. Another limiting factor is time.
Throughput issues may not allow for a delay of 6–18 h
for a re-digestion and this procedure could circumvent
that.

4. Conclusions

Using MALDI or nanospray in the negative ion mode,
peptides from digests rich in aspartic acid and glutamic
acid residues that are not observed in the positive ion mode
were detected. By combining data from the positive ion and
negative ion modes, better sequence coverage was obtained
(particularly in nanospray) and higher MOSWE scores
were attained for the proteins analyzed. The limitations
of database search programs were also addressed. Future
algorithms should take into account multiple charging and
salt adductions. In the case of the nanospray experiments,
the mass spectra were much cleaner in the negative ion
mode. The presence of an acidic or basic solvent also has
an influence on the appearance of certain peptides in the
mass spectrum. Incompletely digested proteins were fil-
tered from their tryptic digest peptides by changing the
ionization polarity. A highly positively charged protein will
not be detected in the negative ion mode, but a slightly net
positively charged tryptic peptide can form ions with nega-
tive charge, and thus be detected in the negative ion mode.
This could be important when sample quantities are limited
which prevents the sample from being re-digested.

Analyzing protein mixtures in both the positive ion and
negative ion modes with nanospray simplifies the inter-
pretation and reduces unwanted peaks in protein digest
mass spectra. This could make nanospray a viable alterna-
tive to MALDI for peptide mass fingerprinting, especially
when sequencing unknown peptides, since post source de-
cay is neither a trivial nor a sensitive technique. Using
both the positive and negative ion mode in the sequencing
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of bovine brain tubulin has thus far yielded 25% of the
protein sequence, with approximately half the identified
peptides being detected by each mode. Regardless of ion-
ization technique used, these data demonstrate the value
of combined positive ion and negative ion mode peptide
mapping, and we urge the proteomics community to in-
clude negative ion mode mass spectrometry for proteomics
analysis.
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