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Abstract
Proteomic analysis typically has been performed using proteins digested with trypsin because of the
excellent fragmentation patterns they produce in collision induced dissociation (CID). For analyses
in which high protein coverage is desirable, such as global monitoring of post-translational
modifications, additional sequences can be seen using parallel digestion with a second enzyme. We
have benchmarked a relatively obscure basidomycete-derived zinc metalloendopeptidase, Lys-N,
that selectively cleaves the amide bond N-terminal of lysine residues. We have found that Lys-N
digestion yields peptides with easily assigned CID spectra. Using a mixture of purified proteins as
well as a complex yeast lysate, we have shown that Lys-N efficiently digests all proteins at the
predicted sites of cleavage. Shotgun proteomics analyses of Lys-N digests of both the standard
mixture and yeast lysate yielded peptide and protein identification numbers that were generally
comparable to trypsin digestion, whereas the combination data from Lys-N and trypsin digestion
substantially enhanced protein coverage. During CID fragmentation, the additional amino terminal
basicity enhanced b-ion intensity which was reflected in long b-ion tags that were particularly
pronounced during CID in a quadrupole. Finally, immonium ion peaks produced from Lys-N digested
peptides originate from the carboxy terminus in contrast to tryptic peptides where immonium ions
originate from the amino terminus.
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Introduction
Mass spectrometry-based proteomics has achieved widespread use in molecular biology. Most
CID based applications employ trypsin digestion due to its consistent cleavage on the C-
terminal side of arginine and lysine.1 Tandem mass spectra of tryptic peptides using CID are
typically dominated by cleavages along the amide backbone, resulting in the formation of a
series of overlapping b- and y-type ions.2-5 It is this pathway that is used in the most commonly
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employed search algorithms.6,7 In fragmentation via CID, the cleavage of peptide bonds is
typically governed by the mobility of a proton added during ionization, as explained by the
mobile proton model.8,9 The cleaved fragments may transiently form a proton-bound dimer,
competing to retain the charge.10 Amino acids with high proton affinities thus play a significant
role in determining which ion series will dominate a MS/MS spectrum.

Trypsin digestion positions basic groups at both the amino and carboxy termini, and facilitates
the formation of both the b- and y- type ion series. However, it is generally observed with
tryptic peptides that the y-ion series produces quantitatively more informative fragments with
greater intensity. It has also been observed using enzymes with specificity independent of
arginine and lysine that the location of basic residues has a direct effect on the ratio of y-type
fragmentation to b-type fragmentation.11,12 When the basic residue is located toward the C-
terminus, CID tends to produce better y-ion coverage. Alternatively, when a basic residue is
located near the N-terminus, compounded by the intrinsic basicity of the N-terminus,
fragmentation produces more complete b-ion coverage. Enzymes with cleavage independent
of the basic residues, such as chymotrypsin, will also distribute strongly basic residues within
peptides. The result is that proton sequestration and fragmentation frequently do not produce
a sufficient number of informative peaks to assign the sequence to a peptide. Hence, control
of the location of basic residues through enzymatic digestion is critical to the success of a
proteomic work flow.

We sought to explore the utility of a relatively obscure protease, Lys-N, for proteomic
applications and to characterize the changes in peptide fragmentation patterns associated with
increased amino terminus basicity. Lys-N is a zinc metalloendopeptidase that selectively
cleaves the amide bond N-terminal of lysine residues. This enzyme, extracted from the fruiting
body of basidomycete Grifola frondosa, has been sequenced, cloned, and crystallized.13-15 It
is active in a pH range of 6.0 to 10.5, with an optimal pH reported as either 8.516 or 9.5.17 Lys-
N is highly heat stable with 60% of activity retained after 3 h at 80 °C18 and a reported optimal
activity at 65 °C using a synthetic substrate.16 It is also fully active in 4 M urea.18 A preliminary
analysis of the activity of Lys-N found it to be exclusively active on the N-terminal side of
lysine, except for lysine residues on the carboxy terminal side of aspartic acid.17

Lys-N has not been widely used in proteomics. A single study tested the compatibility of Lys-
N with 18O labeling and identified 584 proteins in human retinal pigment epithelium cells.19

A more recent publication described its utility in creating informative ladders of c-type ions in
samples analyzed by electron transfer dissociation (ETD).20 In this work, we demonstrate that
Lys-N is quite useful for general proteomic applications due to its ability to completely digest
proteins to peptides with reliable sequence specificity and CID properties that allow easy
sequence assignment. Additionally, we demonstrate that Lys-N digestion can have substantial
impact on peptide fragmentation patterns in a platform-specific manner.

Materials and Methods
All reagents were purchased from Sigma (St Louis, MO) unless otherwise noted. Lys-N was
obtained from Seikagaku Biobusiness (Tokyo, Japan).

Preparation of a Standard Protein Digest
Fifteen proteins from a previously published mix of commercially available proteins21 were
mixed in equimolar amounts (Table 1). One hundred micrograms of protein were dissolved in
500 μL of 50 mM ammonium bicarbonate. Proteins were reduced with 5 mM dithiothreitol
(DTT) for 30 min at 50 °C and alkylated with 20 mM iodoacetamide for 60 min at room
temperature. The alkylation reaction was then quenched with an additional 20 mM DTT. A
buffer exchange was performed with Microcon 3 KDa centrifugal filter devices (Millipore
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Corporation, Bedford, MA) according to the manufacturer's protocol. Samples for trypsin
digestion were brought up to 500 μL in 50 mM ammonium bicarbonate, pH 8.0 and 2 μg of
trypsin (Promega, Madison, WI) was then added (1:50 w/w) to the sample and incubated at 37
°C overnight. Samples for Lys-N digestion were brought up to 500 μL in 100 mM ammonium
bicarbonate, pH 9.5. One unit (defined by the manufacturer as the amount of enzyme that causes
a change of 1.0 in absorbance at 366 nm for 30 min of incubation at 37 °C, pH 10 of 1%
Azocasein) of Lys-N was added to the sample and incubated at 37 °C overnight. The conditions
for Lys-N digestion were based on earlier published kinetic studies15,17 and the manufacturer's
testing criteria. Complete digestion was verified using SDS-PAGE. All samples were dried in
a low pressure centrifuge. The digests were purified with a mixed cation exchange (MCX) 1
cm3 cartridge (Waters Corp., Milton, MA) according to the manufacture's instructions. The
eluate was dried by evaporative centrifugation for LC–MS.

Complex Sample Preparation
Yeast experiments were performed using Saccharomyces cerevisiae (strain BY4741). S.
cerevisiae cells were grown to OD600 as described in ref 21. In two separate analyses, cells
were frozen in liquid nitrogen and disrupted with a Retsch PM100 mixer mill. The powder was
suspended in 25 mM ammonium bicarbonate and cleared by centrifugation. From this
preparation, 200 μg of protein was reduced and alkylated as described above and divided for
buffer exchange, which was also performed as above. Samples for trypsin digestion were
brought up to 500 μL in 50 mM ammonium bicarbonate, pH 8.0. Two micrograms of trypsin
was added (1:50 w/w) and the sample was incubated overnight at 37 °C. Samples for Lys-N
digestion were brought up to 500 μL in 100 mM ammonium bicarbonate, pH 9.5, and 1 unit
of Lys-N was added to the sample followed by overnight incubation at 37 °C. Following
digestion and evaporative centrifugation, yeast peptides were separated into 10 fractions using
strong cation exchange as described in ref 22 using a polysulfethyl A 2.1 mm × 200 mm column
(PolyLC, Columbia MD) and were desalted using C18 Ultramicrospin columns (The Nest
Group, Southborough, MA). For the second analysis using separation on the Off-Gel
Fractionator (Agilent, Santa Clara, CA), the mixture was dried by evaporative centrifugation
and the sample was suspended in a solution of 1 mL of 1% acetonitrile, 0.1% formic acid in
water. The sample was loaded to a C18 clean up column (Waters Corp., Milton, MA), washed
with the loading buffer, and eluted in a solution of 45% acetonitrile, 0.1% formic acid. After
drying, 100 μg of each sample was suspended in water and separated using the Off-Gel
Fractionator per the manufacture's instructions using an IPG strip with pH range 3–10.
Fractions were loaded onto C18 Ultramicrospin columns, washed with the loading buffer, and
eluted in 45% acetonitrile, 0.1% formic acid. Eluted peptides were dried and resuspended in
25 μL 0.1% formic acid, 2% acetonitrile. For each mass spectrometric analysis, 4 μL was used.

Mass Spectrometry
Each sample was run on an automated mass spectrometry system equipped with an in-house
micro-electrospray device.23 In each analysis, 0.1 μg of standard mix and 1.3 μg of each yeast
fraction were automatically delivered by a FAMOS autosampler (LC Packings, San Francisco,
CA) to an 100 μm internal diameter fused silica capillary precolumn packed with 2 cm of 200
Å pore-size Magic C18AQ resin (Michrom Bioresources, Auburn, CA). The samples were
washed on the precolumn with solvent A (0.1% formic acid, 2% acetonitrile) and then eluted
via a gradient of 10–35% solvent B (100% acetonitrile) over 60 min to a 75 μm × 10 cm fused
silica capillary column packed with 100 Å pore-size Magic C18AQ resin (Michrom) at a
constant column-tip flow rate of 200 nL/min using a HP 1100 solvent delivery system (Agilent,
Palo Alto, CA). Mass spectrometry, including CID, was performed in an automated fashion
using the information dependent acquisition option on a hybrid Q-TOF QSTAR Pulsar i
(Applied Biosystems, Foster City, CA), as described in ref 24, a linear ion trap LTQ
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(ThermoFisher Corp., Waltham, MA), or an LTQ-Oribitrap (ThermoFisher), as described.20,
24

Database Searching and Extraction
Spectra were searched using SEQUEST6 (version 27) without a specified enzyme constraint
against a database consisting of either: (1) the proteins in the standard protein mix appended
to a reversed human International Protein Index (IPI) database, or (2) a yeast subset of a
nonredundant protein database acquired from the NCI's Advanced Biomedical Computing
Center yeast database which was appended to a reversed version of the IPI human database (v.
3.17). Identifications were filtered based on a PeptideProphet25 or ProteinProphet26
probability of 0.9. The PeptideProphet algorithm incorporated a decoy database strategy to
improve the modeling as well as a model to group the data according to isoelectric point in
experiments performed using the Off-Gel device. All data files in the mzXML format are
available upon request. To study the effects of Lys-N digestion on fragmentation, we adapted
a program written to analyze neutral losses22 that extracted b- and y -type ion intensity, as well
as the number of matched and theoretical peaks for each ion type from every high confidence
spectra.

Results and Discussion
Lys-N Digestion of a Standard Protein Mixture Yields Peptide Identifications Comparable to
Trypsin

We compared the enzymatic activity of Lys-N to trypsin using a mix of fifteen commercially
available proteins (Table 1).21 Proteins were reduced, alkylated with iodoacetamide, and buffer
exchanged into buffer of optimal pH for each enzyme (pH 8.0 for trypsin and pH 9.5 for Lys-
N) for digestion at 37 °C overnight. Analysis of the digests by SDS-PAGE showed that both
enzymes digested all proteins. LC-MS analysis of equal quantities of both digests was
performed using a linear ion trap (Thermo LTQ) and quadrupole TOF platform (ABI QSTAR
pulsar i). Data were searched using SEQUEST without a specified enzyme constraint against
a database consisting of the proteins in the mix appended to a reversed human IPI database.
The number of unique peptides assigned to each of the proteins in the standard mixture from
a single LC-MS run is shown in Table 2 for both the LTQ and the QSTAR.

Digestion with both enzymes yielded similar numbers of unique peptide assignments although
there was a trend for more identifications using trypsin in the LTQ. The protein coverage was
quite similar between enzymes on both platforms. The Lys-N digestion produced more triply
charged precursor ions on both instruments, consistent with the expectation that digestion only
at lysine residues will generate peptides containing an internal arginine, as well as longer
peptides more likely to include a basic residue. It was also clear that digestion with Lys-N
peptides tended to produce intense and lengthy b-ion series, as expected with the amino
terminal basicity. A typical example of such fragmentation is shown in Figure 1. Taken
together, these experiments demonstrated that Lys-N was not grossly inferior to trypsin for
producing peptides amenable to CID fragmentation on either instrument.

Lys-N and Trypsin Produce Comparable Results in Analyses of Complex Mixtures
Parallel digestion of a total yeast lysate with both Lys-N and trypsin was performed on two
separate occasions with separate batches of Lys-N and analyzed using either a QSTAR or an
LTQ-Orbitrap. Both analyses yielded similar numbers of unique peptide and protein
identifications. In these experiments, 100 μg of yeast extract was reduced and alkylated with
iodoacetamide. The sample was divided and exchanged to the proper buffer for digestion with
either Lys-N or trypsin. Complete digestion was confirmed by SDS-PAGE for both samples.
In the first analysis, both digests were separated by strong cation exchange and all fractions
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were analyzed on a QSTAR pulsar i. The data were searched using SEQUEST against a yeast
database to which the reversed human IPI database had been appended. Lys-N data were
searched without enzyme specificity and analyzed using the TransProteomic Pipeline.23

Proteins with a ProteinProphet probability of at least 0.9 (corresponding to a false discovery
rate of approximately 1%) were retained for this comparison. Data for these analyses are
presented in Table 3. These results indicate that like the preliminary data on the test mixture,
and similar to results reported by Taouatas,20 both the peptide and protein identification
numbers are quite comparable after digestion with either enzyme.

A second analysis was performed one year later on an LTQ-Orbitrap using a different lot of
Lys-N and separation by pI on an Off-Gel isoelectric focusing device.24,25 Data were analyzed
using the same decoy database strategy and a ProteinProphet model that incorporates the
agreement of the peptide pI with the pI fraction into the probability calculation. This analysis
was confounded because one of the twelve Lys-N pI fractions was inadvertently lost during
sample clean up prior to LC–MS. Nonetheless, despite the handicap of the Lys-N analysis, the
numbers of identifications are still quite comparable with the parallel trypsin digestion (Table
3). It is likely that the inclusion of the fraction lost in the analysis would have decreased the
differences between the analyses.

Combination of Lys-N and Trypsin Data Increases Protein Number and Protein Coverage
We next determined the increment in protein identifications and protein coverage when the
mass spectrometry data from trypsin and Lys-N digests of the same yeast extract were
combined. Such an approach has been shown to increase protein coverage and might be used
when maximal protein coverage is desirable such as during monitoring of post translational
modifications.26-28 As would be expected, the absolute number of proteins identified increases,
but only modestly, when the data from the Lys-N digest are added to the data from the digestion
with trypsin. (Table 3) This is not surprising given that the limit of protein identifications from
a sample of this sort is determined by the inherent dynamic range of the instrument compared
to that of the sample. As both trypsin and Lys-N digests have the same constituents and thus
the same dynamic range, a high level of overlap is to be expected.

In contrast to the small increment in proteins identified, a substantial improvement in protein
coverage is achieved when the Lys-N digest data were added to the trypsin digest data. For the
analysis of yeast performed on the QSTAR described above, 240 proteins were retained for
which at least four unique peptides were identified in the combined analysis and at least one
peptide found in the trypsin digest. For these proteins, the ratio of protein coverage obtained
in the combined analysis verses the analysis performed using trypsin alone was calculated. In
this group, it was found that the addition of the peptides identified in the Lys-N analysis to
those in the trypsin analysis resulted in a 1.76 fold increase in the protein coverage. For the
analysis the LTQ-Orbitrap using a second set of samples described above, the addition of the
peptides identified in the Lys-N analysis to those observed in the trypsin analysis resulted in
a similar 1.70 fold increase in the protein coverage for the 755 proteins with at least 4 identified
peptides in the combined analysis and at least on tryptic peptide. Such an increment in coverage
is consistent with prior reports demonstrating increased protein and peptide identifications
using multiple enzymes.26-28 Thus, when maximal protein coverage is desired in an analysis
(e.g., characterizing the phospho-proteome), Lys-N appears to be a good enzyme choice for
parallel analysis.

Lys-N Cleavage Site Specificity
Because earlier reports indicated that Lys-N was not able to cleave lysines with aspartic acid
residues on the amino terminal side of the amide backbone, we analyzed a large set of high
confidence yeast data to identify any trends regarding surrounding residues. The LTQ-Orbitrap
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data from the Lys-N digest of yeast described above were filtered to retain 4480 peptides with
a PeptideProphet probability of at least 0.9 representing a false discovery rate of 0.3%. Within
this select set of spectral assignments, 78% of all peptides had an amino terminal lysine residue
and 80% had a lysine on the carboxy terminal side of the amide bond on the carboxy terminus.
Of the peptides identified in this analysis, 61% had the expected cleavage sites at both termini,
36% percent had the expected cleavage at only one terminus, and 3% percent had the expected
cleavage at neither terminus. This analysis also showed that peptides with cleavage at amide
bonds not bounded on the carboxy side by a lysine were likely to be bound instead by one of
three residues, alanine, serine, or arginine (Table 4). Together, these residues were present at
the carboxy terminal side of roughly 70% of the nonspecific cleavage sites, and were seen at
frequencies far above those expected within the yeast database as a whole. For all peptides
having these nonspecific cleavages, we found that approximately 25% were subsumed by
another peptide in the analysis, indicating that the origin of the majority of these missed Lys-
N cleavages was not in-source decay.

The cause of this amino acid distribution favoring alanine, serine, or arginine is not apparent
from the available data. It is possible that a contaminant peptidase was present in the purified
commercial Lys-N, that Lys-N has some low level nonspecific activity, or that the lysis
procedure liberated peptidases in yeast that were responsible for this cleavage pattern.
However, the latter situation would have resulted in a similar preponderance of alanine and
serine residues present in the nonspecifically cleaved trypsin peptides, and this was not
observed (data not shown). In addition, this same pattern of over representation of alanine,
serine, and arginine was seen in digestions performed a year earlier of both the complex yeast
sample and the standard protein mixture, though the over-representation favored arginine over
alanine and serine. This suggests that this activity is intrinsic to the purified Lys-N and may
be due to the enzyme itself or a contaminant. Regardless of the source, the knowledge of the
common nonspecific cleavage sites could be used in peptide scoring algorithms if analysis
shows that more recent lots of Lys-N continue to exhibit this behavior.

It was also questioned whether these findings supported prior work indicating that Lys-N
cleavage can be impaired by the presence of specific amino acids in the region of the lysine.
Specifically, prior reports indicated that proteolysis is impaired when an aspartic acid residue
is present on the amino terminal side of lysine.17 Using the LTQ-Orbitrap data, the frequency
of each residue at each of the positions surrounding the amide bond where a lysine was at the
expected P1′ position was determined. The labeling of the surrounding residues follows
standard nomenclature: P3–P2–P1//P1′–P2′–P3′ with the double slash indicating the amide
bond cleaved by the enzyme. The data include positions P1 through P3′ for peptides with an
amino terminal lysine and positions P3 through P1′ for peptides having a lysine at the expected
P1′ position on the carboxy terminal amide bond (Table 5). Because none of the residues
(including aspartic acid) were seen at frequencies dramatically different than those in the
database, these data indicate that there is no major impediment to cleavage at the P1 position
or any other position surrounding the lysed amide bond.

In a parallel analysis, 640 peptides containing an internal lysine in any position except the
amino or carboxy terminal were analyzed to identify if particular residues surrounding the
lysine were associated with missed cleavage (Supplemental Table 1, Supporting Information).
These data revealed that the presence of proline on the carboxy terminal side of lysine (P2′)
was associated with approximately 20% of all missed cleavages, a rate far above the database
frequency for this residue (4.3%). However, it was shown earlier that proline was frequently
observed in the P2′ position of bonds cleaved by Lys-N (Table 5). Taken together, these data
suggest that proline residues in the P2′ position provide a barrier to cleavage that may be context
specific and surmountable by Lys-N. It was also noted that the presence of a lysine on the
amino terminal side of another lysine was associated with a failure to cleave. This condition
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was observed 92 times, all but one of which was associated with the sequence Lys–Lys present
at the amino terminal of the peptide. Note again that lysine is frequently seen at the P1 position
of successfully cleaved amide bonds (Table 5). These findings indicate that this sequence is
not a strong inhibitor of Lys-N cleavage; it is possible that structural constraints could limit
the ability of Lys-N to cleave a single lysine from the amino terminal of a peptide with an
amino terminal lysine-lysine sequence. These results are consistent with an earlier of 18O
incorporation where incorporation at the Pro–Lys and Lys–Lys bonds was associated with
errors in quantification that were presumed to be due to slower cleavage rates.19 Isoleucine,
valine, or aspartic acid on the amino terminal side of lysine are associated with failure of
enzymatic cleavage, accounting for 16, 20, and 13% of cleavage failures, respectively (after
the removal of sequences beginning with lysine–lysine). These residues were seen to be
moderately under-represented in the P1 position, consistent with these findings. Taken
together, these data on enzyme specificity indicate that Lys-N is an efficient enzyme with
predictable specificity and is inhibited only to a small extent by certain surrounding residues.

Lys-N Digestion Enhances b-Type Ion Signal
We next sought to quantify the differences in the distributions of ions generated by CID on
both an ion trap and Q-TOF platform. Ion specific data were extracted for high confidence
doubly charged peptides from yeast digested with either Lys-N or trypsin analyzed using both
QSTAR and LTQ mass spectrometers. For each high confidence spectral assignment
(PeptideProphet score > 0.9), we calculated the ratio of the total ion currents matched to b- and
y-type ions (b/y ratio), and the fraction of theoretical peaks matched to b- and y-type ions. Only
Lys-N peptides with an amino terminal lysine and fully tryptic peptides were used in this
analysis. These data, shown in histogram format in Figure 2A and 2B, demonstrate that the
added amino terminal basicity of Lys-N digestion shifts the b/y ratio toward b-type ions
compared to trypsin on both platforms: on the LTQ, the two populations are quite distinct; on
the QSTAR, the populations are distinct but there is more overlap. In both cases the populations
are statistically distinct (p < 0.0001). The mean b/y ratio for Lys-N digestion is 2.2 and 1.4 for
the LTQ and QSTAR mass spectrometers, respectively. This is in contrast to trypsin digestion
where the ratios are 0.51 and 0.65 respectively. Similar trends were seen for doubly and triply
charged peptides in a biological replicate analyzed on an LTQ-Orbitrap (Figure 2C and D).
These observations are in agreement with prior reports using subgroups of peptides produced
by proteinase-K digestion12 and one earlier report of the use of Lys-N with 18O labeling.19.

The dramatic differences in relative ion series strength had an instrument-dependent effect on
the number of measured peaks matched to theoretical peaks during database searching (Figure
3). In analysis using a QSTAR, where CID takes place in a quadrupole, Lys-N digestion is
associated with a dramatic increase in the number of b-type ions that are matched to theoretical
peaks along with a corresponding drop in the number of y-type ions peaks matched.
Surprisingly, the shift in matched ions is present but far less pronounced when these samples
are analyzed on an LTQ, where CID takes place via resonance excitation. These data indicate
that for high confidence spectra on an ion trap, despite the fact that one ion series is of
substantially lower intensity than another, the lower intensity ion series is able to produce signal
sufficient for assignment to a theoretical peak. In contrast, for data recorded on a TOF
instrument, the loss of intensity from the unfavored series resulted in the inability to match
theoretical peaks.

During collision-induced dissociation, the proton affinities of the peptide's side chains
determine the most stable locations for the available protons.11,29 It is well-known that b-ion
signals from MS/MS spectra of tryptic peptides are typically weak when CID is performed in
a quadrupole. It has been postulated that this behavior results from facile bx → bx−1
fragmentation that reduces the higher m/z peaks and increases the lower m/z peaks while y-
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type ions are stabilized through proton sequestration by the carboxy terminal basic residue side
chains.3,30 Lys-N digestion alters this balance by producing peptides with added amino
terminal basicity. With proton sequestration taking place at the amino terminus, the b-type ions
are less labile and less secondary fragmentation occurs. In contrast, y-type ions are less likely
to have a basic residue to sequester a proton and are thus more likely to undergo secondary
fragmentation.

Lys-N Digestion Yields Immonium Ion Peaks Derived from the Carboxy Terminal as well as
b-Type Ion Sequence Tags

Immonium ion formation is a commonly observed phenomenon on Q-TOF platforms. The
immonium ions seen from peptides generated by tryptic digest are generally biased to particular
residues (phenylalanine, proline, histidine, tyrosine, valine, and isoleucine/leucine) with an
intensity that is proportionate to the residue's proximity to the amino terminus.31 It was
observed that, unlike tryptic digestion, the digestion with Lys-N produced intense immonium
ions with an intensity that was proportionate to the distance from the uncharged carboxy-
terminus. An example of this phenomenon is shown in Figure 1 where the carboxy-proximal
phenylalanine has give rise to an immonium ion which serves as a base peak for the spectrum.
The observation was confirmed for all the residues mentioned above through manual evaluation
of high confidence spectra from the analysis of yeast. The correlation of immonium ions with
the presence of the expected amino acid is quite useful in confirming a sequence assignment;
knowledge of the fact that the residue generating the peak should generally be seen near the
carboxy terminus will be quite important for those using a TOF platform to analyze a Lys-N
digest.

A second phenomenon that is apparent with digestion using Lys-N is that spectra resulting
from sequences with minimal carboxy terminal basicity frequently produce strings of large b-
type ion sequence tags that could have utility in sequence assignment. This is also shown in
Figure 1 where a sequence tag of b4 through b8 is easily seen. Such b-type strings are almost
never seen in peptides produced with trypsin digest. This phenomenon is similar to the
informative ladders of c-type ions that result from Lys-N digestion in samples analyzed by
electron transfer dissociation (ETD).20 These strings could have utility for spectral matching
software 32-34 that makes use of a sequence tag to improve sequence assignments.

Conclusions
Lys-N is an efficient commercially available peptidase with properties that should make it
useful in proteomic studies. It is currently derived from purification from the fruiting body of
basidomycete Grifola frondosa. Ultimately a recombinant form could be obtained for more
widespread use. We have shown that this enzyme is efficient and comparable to trypsin
digestion, which is in agreement with two other less comprehensive studies discussed earlier.
19,20 We have expanded upon this work by demonstrating that parallel digestion using Lys-N
and trypsin substantially enhances protein coverage and that Lys-N digestion generally follows
the predicted sites of cleavage, with few missed cleavages. We also have demonstrated that,
additional basicity at the amino termini enhances the b-ion series and yields long b-ion ladders
that could have utility in database search algorithms. In conclusion, because of the favorable
qualities described above, Lys-N has substantial potential for broad use in proteomic studies,
especially those in which expanded protein coverage is desirable.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Two fragmentation spectra produced on a QSTAR Pulsar I from bovine serum albumin. The
peptides produced by Lys-N digestion (A) and trypsin digestion (B) differ by a single amino
acid. The two peptides produce reciprocal long y- and b-type ion series, respectively. The
immonium ion peaks (pink) originate from the end of the peptide with the least basicity; the
carboxy terminal end of the peptide in the case of the Lys-N peptide, and the amino terminal
end in the case of the tryptic peptide.
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Figure 2.
Distribution of b/y ratios with Lys-N and trypsin digestion is shown for analyses on an LTQ
(A) and QSTAR (B) platform. In a biological replicate, a second sample of yeast was digested
in parallel with Lys-N and trypsin and analyzed on an LTQ-Orbitrap. The distribution of b/y
ratios is shown for doubly (C) and triply (D) charged peptides.
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Figure 3.
Fraction of theoretical fragments ions that are matched to a peak in the recorded spectra for b-
and y- type ions intensity for high confidence spectra recorded on either an LTQ ion trap or
QSTAR Pulsar i Q-TOF. For the LTQ, high confidence assignments are associated with a high
proportion of matched ions of both b- and y-types with only subtle bias seen with Lys-N
compared to trypsin. Analysis using a QSTAR is associated with a much stronger bias toward
one ion type depending on the enzyme used.
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Table 2

Identifications Made in Analysis of the Standard Mixture Digested with Either Lys-N or
Trypsin Using an LTQ and QSTAR Pulsar I

LTQ unique peptides QSTAR unique peptides

Lys-N 442 226

Trypsin 479 201

Lys-N 3+ 184(42%) 79(34%)

Trypsin 3+ 126(25%) 29(14%)
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