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The study of isolated protein complexes has greatly benefited from recent advances in mass
spectrometry instrumentation and quantitative, isotope labeling techniques. The comprehen-
sive characterization of protein complex components and quantification of their relative
abundance relies heavily upon maximizing protein and peptide sequence information ob-
tained fromMS and tandemMS studies. Recent work has shown that using a metalloendopep-
tidase, Lys-N, for proteomic analysis of biological protein mixtures produces complementary
protein sequence information compared with trypsin digestion alone. Here, we have investi-
gated the suitability of Lys-N proteolysis for use with MALDI mass spectrometry to
characterize the yeast Arp2 complex and E. coli PAP I protein interactions. Although Lys-N
digestion resulted in an average decrease in protein sequence coverage of �30% compared
with trypsin digestion, CID analysis of singly-charged Lys-N peptides yielded a more
extensive b-ions series compared with complementary tryptic peptides. Taking advantage of
this improved fragmentation pattern, we utilized differential 15N/14N guanidination of Lys-N
peptides and MALDI-MS/MS analysis to relatively quantify the changes in PAP I associations
due to deletion of sprE, previously shown to regulate PAP I-dependent polyadenylation.
Overall, this Lys-N/guanidination integrative approach is applicable for functional proteomic
studies utilizing MALDI mass spectrometry analysis, as it provides an effective and
economical mean for relative quantification of proteins in conjunction with increased
sensitivity of detection and fragmentation efficiency. (J Am Soc Mass Spectrom 2010, 21,
1050–1060) © 2010 American Society for Mass Spectrometry

Mass spectrometry is a widely used technique
for protein characterization in complex bio-
logical samples. Functional proteomic studies

that employ mass spectrometry to investigate the dy-
namics of protein–protein interactions in response to
changing environmental conditions can help reveal
novel biological functions of cellular proteins. Recent
work has shown that use of a hybrid MALDI LTQ-
Orbitrap mass spectrometer is amenable to the study of
protein complexes [1]. In this approach, protein complexes
are isolated using cryogenic cell lysis and antibody-based
affinity enrichment onmagnetic beads [2]. The individual
complex components are analyzed using a standard
“bottom-up” approach, which involves SDS-PAGE and
in-gel digestion with trypsin [2]. MALDI MS and
MS/MS analysis of tryptic digests are performed in
tandem to identify putative interacting proteins. Due to
the generation of predominantly singly-charged ions
from MALDI ionization, this approach benefits from

decreased MS spectrum complexity compared with
spectra generated by electrospray (ESI). Yet, robust and
informative MSn analyses of singly-charged ions remain
a challenge. Collision induced dissociation (CID) of
multiply-charged tryptic peptides, such as those pro-
duced by ESI, is aided by the presence of “mobile
protons” that facilitate more uniform backbone cleav-
age compared with singly-charged tryptic peptides [3,
4]. Although CID spectra of singly-charged ions contain
y- and b-ions, as well as ions from the neutral loss of
water or ammonium, the C-terminal basic residue se-
questers the lone proton, often generating spectra con-
taining intense y-ions arising from preferential cleav-
ages N-terminal to proline and C-terminal to acidic
residues [5–7]. While these preferential cleavages are
well-represented and can serve as diagnostic markers,
the remaining ion series are often under-represented,
making these spectra less amendable to database search
strategies or de novo sequencing.
Recent reports have described the use of the met-

alloendopeptidase lysine-N (Lys-N) for enzymatic di-
gestion of proteins, which cleaves N-terminal to lysine,
generating peptides containing lysine residues at the
N-terminus [8]. Use of this enzyme in conjunction with
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MALDI-TOF mass spectrometry was shown to improve
the sequence information obtained after CID fragmen-
tation of singly-charged ions, resulting in a more prev-
alent series of N-terminal (b-) ions. In fact, in cases
where a single basic residue was present in the peptide,
a well-represented b-ion series was generated, making
it suitable for de novo sequencing using MALDI-CID
analysis [9].
In a typical MALDI MS experiment, arginine-

containing peptides generated from trypsin digestion
are more readily detected than those containing lysine
residues due to increased gas-phase basicity [10, 11].
Therefore, the conversion of lysine residues to homoargi-
nine residues by guanidination using O-methylisourea
was described as a useful tool to increase ionization
efficiency and sensitivity of detection in MS [10, 12]. The
use of guanidination was also reported to aid the
fragmentation of doubly-charged ions in electron-transfer
dissociation (ETD) MS/MS analysis by increasing the
intensity of the N-terminal c-ion series [13].
Guanidination by O-methylisourea has additional

benefits, such as the ability to be synthesized from the
relatively inexpensive urea and hence is readily adaptable
to large-scale studies. Incorporation of heavy isotopes
during the guanidination reaction permits relative
quantification studies by differential peptide labeling
with either [15N]- or [14N]-O-methylisourea [10]. In-
deed, this approach has been successfully used to
quantify relative changes in protein expression in hepa-
tocytes during the de-differentiation and adaptation
processes [12].
Here we have combined the use of Lys-N protein

digestion with isotope-labeled guanidination for analy-
sis of protein complexes isolated from yeast and bacte-
rial cells by MALDI MS and MS/MS. Isolated com-
plexes digested with trypsin or Lys-N were used for
evaluating protein identification and sequence cover-
age, the behavior of singly-charged peptides following
guanidination, and the utility of this approach for
relative quantification studies. This complementary ap-
proach is applicable to studies utilizing MALDI mass
spectrometry analysis for functional proteomics, as it
provides an effective and economical means to rela-
tively quantify proteins and improve sensitivity of
detection and fragmentation efficiency.

Materials and Methods

Bacterial and Yeast Strains, Media, and
Growth Conditions

The yeast strain expressing the chromosomal ARP2-
GFP gene was purchased from Invitrogen (Oslo, Nor-
way). Yeast cells were grown to �2 � 107 cells/mL,
collected by centrifugation and frozen as pellets as
described previously [2]. The bacterial strains express-
ing PAP I-GFP [14] were grown to stationary phase
(optical density at 600 nm (OD600 2–4)), harvested and
frozen as described [15]. Briefly, 2 L of stationary phase

cells were centrifuged in four, 10 min steps at 2000–
2500 rcf to obtain a single pellet. To the weighed pellets,
100 �L of 20 mM HEPES, pH 7.5, 1.2% wt/vol polyvinyl-
pyrrolidone (Sigma, St. Louis, MO, USA), 1/100 vol/
vol protease inhibitor cocktail (Sigma) were added
per gram.

Cryogenic Cell Lysis

Cryogenic cell lysis was carried out as described previ-
ously [2] using 25-mL jars, 20-mm stainless steel grind-
ing balls (McMaster, Dayton, NJ, USA), and a Retsch
MM 301 Mixer Mill (Retsch, Newtown, PA). Specific
details of cryogenic lysis and optimized lysis buffer
conditions for both the yeast and bacterial strains have
been previously reported [2, 15]. Briefly, 3 g of cells of
either the yeast or bacterial strains were incubated with
15 mL lysis buffer. The lysis buffer for the Arp2 yeast
strain was 20 mM HEPES, pH 7.4, 0.11 M KOAc, 2 mM
MgCl2, 0.1% Tween-20 (vol/vol), 1 �M ZnCl2, 1 �M
CaCl2, 0.5% Triton X-100, 150 mM NaCl, 1:100 protease
inhibitor cocktail (Sigma), and 1:200 phenylmethylsul-
phonyl fluoride (PSMF), while the lysis buffer for the
PAP I bacterial cells was 20 mM HEPES, pH 7.4, 0.11 M
KOAc, 2 mM MgCl2, 0.1% Tween-20 (vol/vol), 1 �M
ZnCl2, 1 �MCaCl2, 1% Triton X-100, 0.5% deoxycholate,
150 mM NaCl, 1:100 protease inhibitor cocktail (Sigma),
and 1:200 phenylmethylsulphonyl fluoride (PSMF). Fol-
lowing centrifugation at 4000 rpm, 4 °C for 10 min, the
soluble fractions were used for the affinity purification
experiments.

Immunoaffinity Purification

Single-step affinity purifications via the GFP tag were
carried out as described previously [2]. Briefly, mag-
netic epoxy beads (Dynal; Invitrogen), coated with
purified polyclonal anti-GFP antibodies, were used to
isolate protein complexes. Immunoaffinity purifications
were carried out by incubation of the cell lysates with
the conjugated beads for 1 h for both bacterial cells and
yeast cells. The magnetic beads were gathered by using
a magnet (Magcraft, Vienna, VA, USA). Proteins were
eluted with 700 �L 0.5 N NH4OH, 0.5 mM EDTA
solution, and dried by vacuum centrifugation (Speed
Vac Plus SC110A with a gel pump GP110; Thermo
Scientific, Waltham, MA, USA). The dried pellets were
resuspended with LDS-PAGE sample buffer (Invitro-
gen), alkylated with 100 mM iodoacetamide and sepa-
rated on a 4%–12% NuPAGE Novex bis-Tris gel (In-
vitrogen) according to the manufacturer’s instructions.
Gels were immediately stained with GelCode Blue
staining reagent (Thermo Scientific).

Protein Digestion

After staining, the gel lanes were cut into �25 1-mm
slices and prepared for analyses as described [1]. Pro-
teins were digested with 12.5 ng/�L sequencing grade
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modified trypsin (Promega, Madison, WI, USA) or 12.5
ng/�L metalloendopeptidase Lys-N (Seikagaku Corp.,
Tokyo, Japan) in 50 mM ammonium bicarbonate (ABC)
over night at 37 °C. Lys-N digestion conditions were
optimized for temperature and concentration of en-
zyme. BSA was digested with 6.25 ng/�L, 12.5 ng/�L,
and 18.75 ng/�L of Lys-N at both 25 °C and 37 °C. After
mass spectrometric analysis, the digestions using 12.5
and 18.75 ng/�L gave equivalent results, and the tem-
perature was not a major factor. In view of the cost of
the enzyme, we opted to use Lys-N at the concentration
of 12.5 ng/�L for the following experiments. Peptides
were extracted from the gel pieces on reverse phase
resin (POROS 20 R2; Applied Biosystems, Foster City,
CA, USA). The samples were desalted and concentrated
using ZipTips with C18 resin (Millipore, Billerica, MA,
USA), washed twice with 20 �L 0.1% (vol/vol) triflu-
oroacetic acid (TFA), and eluted with 4 �L of 20 mg/mL
DHB (2,5-dihydroxybenzoic acid) in 50% (vol/vol)
methanol, 20% (vol/vol) acetonitrile (ACN), and 0.1%
(vol/vol) TFA, directly onto a MALDI target.

Guanidination

Guanidination was carried out using a modified version
of the protocol described previously [12]. After peptides
were in-gel digested with either trypsin or Lys-N, the
reaction was stopped by adding TFA to a final concen-
tration of 0.1%. Peptides were eluted from the gel pieces
as described [15]. The guanidination reaction was car-
ried out in 20 �L of 7N NH4OH and 1.5 �L of [N14]-O-
methylisourea (prepared as described previously [12].
The samples were shaken overnight at room tempera-
ture, and the reaction was stopped by adding an equal
volume of 1% (vol/vol) TFA. After drying, the samples
were suspended in 25–50 �L of a solution of POROS
beads in a 1:1 mixture of 5% formic acid, 0.2% TFA and
50 mM ABC. After incubation overnight, the samples
were loaded onto zip tips as described above, or for
quantification purposes they were mixed as described
below.

Relative Quantification Following Guanidination

For quantification purposes, the wild-type peptides
were derivatized using [N15]-O-methylisourea follow-
ing the same procedure described above. Digested
peptides from equivalent bands from both the wild-
type and �sprE PAP I-GFP cells were loaded onto the
same zip tip and the procedure described above was
carried out. Peptides from both the wild-type and �sprE
cells could now be directly compared by the intensities
from the peaks in the mass spectra. The heavy labeled
peptides from wild-type cells would be shifted by �2
Thompson (Th) compared with the light peptides from
the �sprE cells.

Mass Spectrometry

Mass spectrometric analyses were performed on a LTQ
Orbitrap XL mass spectrometer equipped with a
MALDI ion source (Thermo Electron, Bremen, Ger-
many) [16]. The MS, MS/MS analyses by collision-
induced dissociation (CID), the parameters used for
data acquisition, and the software used for spectra
viewing and processing were as described previously
[1]. Briefly, the instrument was operated in positive
mode with a MALDI laser energy of 16 �J. MS spectra
were acquired for a mass range of m/z 700–4000 at
resolution 60,000 (set atm/z 400). Additional parameters
included: automated spectrum filter (ASF) off, 20
scans/step, automated gain control (AGC) off, 20–50
laser shots/scan. For Lys-N-digested samples, a prom-
inent Lys-N autolytic peptide was used as an internal
lock-mass standard to calibrate the MS spectra:
KAPTTGTDSQAGTLVHESSHFTRN*GGT (*deamina-
tion), [M�H]� at m/z 2758.303238. MALDI IT collision-
induced dissociation (CID) was carried out using: pre-
cursor ion isolation in the linear ion trap, 4 mass units
isolation width, normalized collision energy 35%, acti-
vation q 0.25, activation time 300 ms. For relative
quantification studies, precursor ion selection was per-
formed using an isolation window of �6 mass units,
centered at the midpoint m/z between the light and
heavy monoisotopic peaks. The quantifications were
performed utilizing the intensities of the monoisotopic
precursor and fragment peaks. Database searching
was limited to the use of the computer algorithm
that allowed the specification of the Lys-N cleavage,
PROWL (http://prowl.rockefeller.edu/prowl-cgi/) [17]
and Mascot (www.matrixscience.com) [18]. The param-
eters used for database searching against the NCBI
nonredundant protein database, version 06/10/16,
were as described [1], with the following differences:
the taxonomy was selected as either Saccharomyces cer-
evisiae (10,452 sequences), or Escherichia coli (26,383
sequences), Lys-N cleavage, and mass error limit of 5
ppm.

Results and Discussion

Protein Sequence Coverage Following Trypsin or
Lys-N Digestions

We aimed to incorporate the reported merits of prote-
olysis by Lys-N with guanidination and stable isotopic
labeling for relative quantification of MALDI-generated
singly-charged ions. Previous reports have described
several different conditions (temperature, enzyme con-
centration, and time) for in-solution and in-gel diges-
tion using Lys-N [9, 13, 19, 20]. We tested several
parameters (described in the Materials and Methods
section) and observed that a Lys-N concentration of 12.5
ng/�L in 50 mM ammonium bicarbonate solution at
37 °C is suitable for digestion, in agreement with some
of the previous reports [9]. We observed an extensive

1052 CARABETTA ET AL. J Am Soc Mass Spectrom 2010, 21, 1050–1060



level of autolysis for Lys-N. Similar to the use of trypsin
autolytic peaks [1], the Lys-N autolytic peptides could
be utilized for internal calibration of MS spectra (see the
Materials and Methods section), resulting in an average
mass error and standard deviation of 0.40 � 1.64 ppm.
Previous studies have shown that trypsin and Lys-N

digestions produced complementary results when ana-
lyzing unmodified or phosphorylated peptides from
large datasets [19, 20]. The combination of peptides
identified from Lys-N and trypsin digests of yeast
extracts resulted in an increase in protein coverage of
1.7-fold over that obtained from trypsin digestion alone
[19]. As these studies did not assess the variation in

sequence coverage at the individual protein level or
compare Lys-N and trypsin protein coverage directly,
we asked whether the Lys-N digestion would be suit-
able for analysis of protein complexes by MALDI mass
spectrometry. The protein coverage of complex compo-
nents across a broad range of molecular weights can be
critical for such studies. Towards this goal, we assessed
the use of Lys-N for determining protein–protein inter-
actions in both yeast and bacterial model organisms.
First, we examined the well-characterized Arp2 com-
plex in Saccharomyces cerevisiae cells (Figure 1a). Arp2
is an essential protein, member of a highly conserved
complex that initiates actin nucleation, and therefore

Figure 1. Comparison of protein sequence coverage following trypsin and Lys-N digestion. (a) A
representative SDS-PAGE gel from the immunopurification of Arp2-GFP from yeast. (b) The protein
sequence coverages obtained following trypsin (top) and Lys-N (bottom) digestions are represented
for the eight proteins from the isolated Arp2 complex. The total numbers of amino acids, R and K
residues are indicated. The cleavage sites for trypsin and Lys-N are represented by vertical lines. Filled
dark gray segments represent peptides with an m/z 
 4000 that would not be detected by our MALDI
LTQ Orbitrap instrument. Detected peptides are represented as black bars for unmodified peptides,
and gray bars for peptides that are modified by oxidation of methionine. Projections of the observed
peptides and corresponding sequence coverages are indicated. (c) Protein sequence coverage is
plotted against the percentage of cleavage sites for the Arp2-isolated proteins following trypsin (open
diamonds) and Lys-N (filled circles) digestions.
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crucial for numerous actin-controlled cellular processes
[21–25]. One-step affinity purification of Arp2 genomi-
cally tagged with green fluorescent protein (GFP) was
performed using magnetic beads conjugated to anti-
GFP antibodies. As shown in Figure 1a, this permitted
the isolation of the previously reported interacting
partners, Arp3, Arc35, Arc40, Arc19, Arc18, Arc15, and
Crn1 [2, 26]. These associations were reproducible in
triplicate experiments. The bands corresponding to
these proteins were excised and in-gel digested with
either trypsin or Lys-N. Protein sequence coverage was
evaluated by MALDI MS and peptide mass fingerprint-
ing database analysis. As Lys-N has fewer cleavage
sites than trypsin, generating peptides of larger molec-
ular weights, the sequence coverage is expected to
depend on the lysine content as well as the m/z of the
resulting peptides. Overall, trypsin digestion yielded
higher protein sequence coverage (62% � 16%) com-
pared with Lys-N (28% � 13%) among the Arp2 com-
plex members (Figure 1b and c). We observed an
inverse relationship between lysine content and percent
reduction in protein sequence coverage. Yet, not all
proteins followed this pattern, for example, both Arc18
and Arc19 contained relatively few lysines, 9 and 7,
while the percent reduction in sequence coverage after
Lys-N digestions was 4% and 66%, respectively. From
these examples, clearly the position of the lysine resi-
dues is a key determinant of individual sequence cov-
erage. Since the upper limit of detection when using a
MALDI LTQ Orbitrap is m/z 4000, Lys-N digestion can
result in peptides that fall out the m/z range detected by
the instrument (Figure 1b, filled gray segments). De-
spite the reduced sequence coverage, Lys-N digestion
resulted in the successful identification of all previously
reported members of the Arp2 complex. Taken together
with previous work comparing trypsin and Lys-N
digestions [9, 13, 19, 20, 27], these results support the
use of Lys-N as a proteolytic enzyme for protein iden-
tifications studies.

CID Fragmentation of Lys-N-Derived
Singly-Charged Peptides

The fragmentation of peptides containing a single basic
residue at the N-terminus, such as those generated from
digestion with Lys-N, has been previously reported to
produce simplified MS/MS spectra, containing promi-
nent and readily distinguishable N-terminal ion series
[9, 27]. To further assess this alternate proteolysis for
studies of isolated protein complexes by MALDI mass
spectrometry, we evaluated the CID fragmentation of
unmodified, singly-charged ions corresponding to pep-
tides generated by Lys-N or trypsin digestion of BSA as
well as the Arp2 complex members (Figure 1). We
examined the fragmentation patterns of complementary
trypsin or Lys-N peptides, i.e., peptides with the same
sequence except for lysine residues at either the C-
terminus or N-terminus, respectively. Representative

MALDI IT CID spectra are illustrated in Figure 2. The
relative intensity and number of detected b-ions was
higher for the Lys-N derived peptides than for tryptic
peptides. CID fragmentation of peptides containing
C-terminal lysine (trypsin) generated a mixture of y-
and b-ions, with the most prominent product ions
corresponding to preferential cleavages C-terminal to
aspartate and glutamate residues and N-terminal to
proline (e.g., y6 and y7, Figure 2a; y4 and y7, Figure 2b;
y6 and b11, Figure 2c and y4; and b10, Figure 2d) [5, 6, 28,
29]. In comparison, peptides containing N-terminal
lysine (Lys-N) gave rise to more complete b-ion series,
but also retained preferential, charge-remote cleavages
(e.g., b5 and b6 Figure 2a) as was observed in CID
spectra of tryptic peptides. Charge-remote fragmenta-
tion pathways are largely dependent on the degree of
proton sequestration (proton mobility), with an increase
in its occurrence as proton mobility decreases [30, 31].
Since the pairs of complementary tryptic and Lys-N-
derived peptides shown in Figure 2 have similar ioniz-
ing sites (-amino side-chain and N-terminal amino
group) and similar proton mobilities (although influ-
enced by the amino acid sequence) the presence of
preferential cleavage in both cases was not unexpected.
The presence of additional basicity due to histidine
(Figure 2a and b) provides an additional site for proto-
nation and may result in increased y- or b-ion intensity
depending on whether it is present at the C- or
N-terminus, respectively, as previously established
[30, 32]. This may explain the enhanced intensity of
the y10 of KHLVDEPQNLI Figure 2a comparing the
complementary Lys-N- and trypsin-derived peptides.
The effect of the presence of both lysine and histidine
residues can also be noticed on the fragmentation of the
tryptic peptides HLVDEPQNLIK and DLGEEHFK (Fig-
ure 2a and b). Both b- and y-ions are observed when the
histidine and lysine are present at the opposite ends of
the peptide (HLVDEPQNLIK), while mainly y-ions are
observed when the basic residues are clustered at the
C-terminus (DLGEEHFK). However, the effect of histi-
dine on fragmentation may be minimized due to the
limited proton mobility of singly-charged peptides. The
reduced complexity of our sample (eight member pro-
tein complex generating reduced complexity spectra
containing singly-charged ions) precluded us from fur-
ther investigating this observation. Overall, the use of
Lys-N proteolysis yielded more complete b-ion series
by MALDI IT CID analysis compared with complemen-
tary tryptic peptides. The basis for these observations
is most readily explained by Lys-N derived peptides
achieving localization of the two most basic sites to the
N-terminus (lysine side-chain and N-terminus amino
group), which promotes charge-transfer to b-ions fol-
lowing fragmentation and product ion dissociation.
These results are consistent with those reported from
large scale proteomic studies using a MALDI-TOF/TOF
configuration [9] and those focusing on CID fragmen-
tation of doubly-charged peptides [27]. A deeper mech-
anistic understanding of the processes involved in the
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fragmentation of singly-charged Lys-N derived pep-
tides will require further investigation.

Guanidination Improves Sensitivity of Detection
and Fragmentation of Singly-Charged Ions

Guanidination converts lysine residues into the more
basic homoarginine [10, 12], which was shown to in-
crease the sensitivity of detection of lysine-containing
peptides following digestion with trypsin. Recently,
Lys-N digestion was coupled with guanidination to
improve peptide fragmentation behavior for doubly-
charged ions in ETD. We asked whether Lys-N diges-
tion coupled with guanidination would also improve
the sensitivity of detection for singly-charged ions, as
well as the fragmentation along the peptide backbone in

CID. BSA and Arp2-GFP were digested with either
trypsin or Lys-N and subjected to guanidination. Rep-
resentative MS spectra are shown from the digestion of
BSA with trypsin and Lys-N (Figure 3a). For the trypsin
experiment, we assessed the differences in ioniza-
tion efficiency of guanidinated versus unguanidinated
peptides using R-containing tryptic peptides (denoted
TR

�
n, Figure 3a), which would not be modified by

guanidination, as internal standards. This allowed the
comparison of the relative intensities of unguanidi-
nated and guanidinated K-containing peptides (de-
noted TK

�
n, Figure 3a). For the Lys-N experiment,

untreated �-casein peptides were spiked at 50 fmol/�L
in the guanidinated and unmodified samples to serve as
an internal standard (IS at m/z 1383.70, Figure 3a inset).

Figure 2. MALDI IT CID of trypsin- and Lys-N-derived peptides. Equivalent peptides from BSA,
Arp2, and Arp3 following trypsin (left column) or Lys-N (right column) digestion were selected for
MALDI CID MS/MS analysis. The m/z values for the selected peptides were (a) 1304.70, (b) 973.450,
(c) 1603.72, and (d) 1337.66.
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Figure 3. Guanidination improves sensitivity of detection and fragmentation of singly-charged ions.
(a) The MALDI MS spectra of trypsin or Lys-N digested BSA are illustrated for the m/z 1100–1800 range.
TR

�
n indicates arginine-containing tryptic peptides, while the TK

�
n indicates lysine-containing peptides.

All the peptides derived from Lys-N digestion (denoted L�
n) contain lysine residues, and therefore are

modified by guanidination. Fifty fmol of tryptic �-casein peptideswere spiked in the samples derived from
the Lys-N digestion, serving as internal standards. The [M � H]� peak at m/z 1383.70 from �-casein was
included as a reference (labeled IS). (b) MALDI IT CID of T�

59, L
�
41 BSA peptides (m/z 1346.71) and a

selected Arp2 peptide (m/z 1645.72) are illustrated as representative MS/MS spectra. (c) MALDI IT CID of
a Lys-N-derived Arp2 peptide (m/z 1383.75 unmodified and 1425.75 guanidinated) containing an
N-terminus lysine and C-terminus arginine. K* represents homoarginine.
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This was necessary as all the Lys-N digested peptides
contain a N-terminal lysine residue that would be
modified after guanidination. Our results indicated that
the ionization efficiency and detection of lysine-containing
tryptic peptides (TK

�
10 and TK

�
59) are improved follow-

ing guanidination (compare with the 4 R-containing
peptides, Figure 3a), in agreement with previous stud-
ies [10, 13]. Similarly, guanidination of Lys-N peptides
showed increased sensitivity of detection, as observed
by comparison to the �-casein internal standard (compare
all Lys-N peptides, denoted L�

n, to the intensity of the
internal standard, IS, before and after guanidination).
Guanidinated peptides were next subjected to MALDI

IT CID. Figure 3b illustrates the fragmentation of the
guanidinated BSA and Arp2 peptides (see correspond-
ing unmodified peptides in Figure 2). The tryptic pep-
tide T�

59 and the corresponding Lys-N peptide, L�
41,

were selected for MS/MS analysis. In CID of tryptic
peptides, guanidination decreased the overall intensity
of the b-ion series, while increasing the coverage from
the y-ion series (Figure 3b, left panels). This observation
is in agreement with ETD MS/MS analysis of doubly-
charged ions, where the ion series containing the ho-
moarginine is increased and the complementary ion
series decreased [13]. The same trend can also be
observed for the Lys-N digestion, where the N-terminal
b-ions fragments containing the homoarginine have
increased intensities, while the y-ions have reduced
intensities (Figure 3b, right panels). For example, the
prominent y10 fragment of KHLVDEPQNLI (Figure 2a)
has a reduced relative intensity following guanidina-
tion (Figure 3b) consistent with the higher proton
affinity of homoarginine compared to histidine. Also,
guanidinated Lys-N peptides demonstrated more promi-
nent preferential D/E cleavages (e.g., Figure 3b, b5, and
b6 in BSA peptide), compared with the corresponding
unmodified Lys-N peptides (Figure 2a and c). The
increase in relative abundance of product ions from
preferential cleavages following guanidination did not
significantly impact the generation of relatively com-
plete b-ion series as previously observed (Figure 2),
while maintaining relatively simplified MS/MS spectra.
This may aid the confidence of protein identification by
database searching strategies. These results are consis-
tent with the mobile proton model, which predicts
increased proton sequestration (due to increased gas-
phase basicity) of homoarginine compared with lysine,
and therefore an augmentation in charge-remote frag-
mentation pathways. Based on the current data, a
negative impact on percent of backbone cleavages due
to guanidination of Lys-N peptides was not apparent.
However, a quantitative approach using a diverse pep-
tide population will be necessary to examine the rela-
tive contribution of increased ionization efficiency of
homoarginine-containing peptides versus the effect of
charge-remote pathways under CID fragmentation.
An interesting observation was obtained from the

CID fragmentation of peptides containing both N-
terminal lysine and C-terminal arginine (Figure 3c). CID

spectra of the unmodified peptide contained fragments
clearly dominated by y-ions at the preferential cleavage
sites, while b-ions were under represented. This was in
contrast to the usual presence of prominent b-ions in
CID of Lys-N-derived peptides. Following guanidina-
tion, some preferential cleavages were still detected as
y-ions, but neither b- nor y-ions dominated the CID
spectra. This suggested that the proton sequestration
was balanced between the basic residues located at both
the C- and N-termini of this peptide. Moreover, the
presence of a histidine residue in the proximity of the
arginine may also contribute to the C-terminus basicity
and the observed y-ions. Consistent with the other
results from guanidinated peptides (Figure 3b), an
increased number of b-ions was detected compared
with the unmodified peptide (Figure 3c), which may
reflect the increased basicity of homoarginine compared
to lysine.

Integrating Lys-N Digestion with Guanidination
for Relative Quantification

Derivatization of lysine residues via guanidination al-
lows for differential isotope labeling, and therefore
relative quantification studies, as reported for tryptic
peptides [10, 12]. Lys-N is particularly well suited for
incorporation of guanidination, as all the peptides gen-
erated by the digestion contain lysine residues. Also,
the enhanced b-ion series produced by Lys-N digestion
may be advantageous for relative quantification per-
formed at the MS/MS level. We illustrate its use for
applications requiring relative quantification by focus-
ing on a protein of interest—poly(A) polymerase I (PAP
I) in E. coli. Polyadenylation of RNA in bacteria is
believed to facilitate mRNA degradation [33], and this
process is mainly carried out by PAP I [34–37]. Previous
reports have shown that PAP I interacts with the SrmB
RNA helicase [38], although the role of this association
is not fully understood. We have previously reported
that the response regulator SprE plays a role in the
regulation of polyadenylation and mRNA stability [39].
We further characterized the PAP I interacting partners
during exponential and stationary phases (Carabetta et
al., manuscript in preparation). These studies indicated
that SprE may play a key role in the maintenance of
certain PAP I associations. To determine if Lys-N can be
effectively used in conjunction with guanidination for
quantifying the relative levels of the PAP I-SrmB asso-
ciation and its potential dependence on SprE, we per-
formed affinity purifications of plasmid-borne PAP
I-GFP in wild type and �sprE E. coli cells. The overall
approach is illustrated in Figure 4a, where sample A
represents the SprE null cells and sample B the wild
type cells. The samples were divided in two equal
aliquots to compare the results obtained from trypsin
and Lys-N digestions. The presence of SrmB in the PAP
I isolates was detected by database searching using
peptide mass fingerprinting and confirmed by MALDI
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IT MS/MS analyses in both trypsin and Lys-N experi-
ments. Similar to our observations from analyzing the
Arp2 complex (Figure 1), the overall protein sequence
coverage was also reduced for PAP I and SrmB when
using Lys-N, likely related to the distribution and high
number of lysine residues (Figure 4b). Using the PAP
I-GFP immunopurifications from wild-type and �sprE
E. coli cells, we next compared the efficiency and
reproducibility of the relative quantification using ei-
ther trypsin or Lys-N. The peptides from the wild-type
and �sprE samples were derivatized with [N15]- and
[N14]-O-methylisourea, respectively, combined and at
least four peptides were analyzed for relative quantifi-

cation (Figure 4a). The average relative intensities of y-
and b-ion doublets were used for quantification of
tryptic and Lys-N peptides, respectively, in wild type
and �sprE E. coli cells (Figure 4d). Consistent with the
equal expression of PAP I-GFP measured in the two
strains [39], both y-ion and b-ion doublets showed a 1:1
ratio. As expected, fragmentation of the Lys-N peptide
yielded a greatly improved b-ion series (Figure 4d). The
relative quantification of PAP I-SrmB association at
either the MS or MS/MS level demonstrated that in the
absence of SprE, the interaction between SrmB and
PAP-I decreased to 24.5% or 28% of the wild-type levels
using trypsin or Lys-N, respectively (data not shown,

Figure 4. Integrating Lys-N digestion and guanidination for relative quantification studies.
(a) Workflow of the relative quantification procedure. Proteins isolated with PAP I-GFP from E. coli
cells were separated by 1D SDS PAGE, divided into equal aliquots, and digested with trypsin or
Lys-N. Peptides from the wild-type or �sprE cells were derivatized by guanidination with heavy (15N)
or light (14N) labeled O-methylisourea, combined and analyzed using a MALDI LTQ Orbitrap. The
intensities of the resulting doublets at MS or MS/MS levels of analysis were used for relative
quantification. (b) Protein sequence coverage, number of lysine, and arginine residues in PAP I and
SrmB proteins. (c) Relative quantification of the association between PAP I-GFP and SrmB in �sprE
cells. The �sprE peptides were normalized relative to the wild-type peptides. At least four peptides
were used for each quantification. (d) Representative MALDI IT CID spectra of PAP I and SrmB
peptides following trypsin and Lys-N digestions. Precursor ions were selected using an isolation
window of �6 mass units, which was centered at the midpoint m/z between the light and heavy
monoisotopic peaks (m/z 1716.78 for illustrated PAP I peptide and m/z 933.47 and 1132.58 for the two
SrmB peptides from trypsin and Lys-N digestions, respectively). The quantifications were performed
utilizing the intensities of the monoisotopic fragment peaks averaging the resulting ratios from a
minimum of four unique peptides. Inserts illustrate examples of y- or b-ion doublets used for relative
quantification in trypsin or Lys-N studies, respectively.
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and Figure 4c). Similar results were obtained from the
reverse derivatization experiment in which the wild
type samples were light-labeled ([N14]-O-methylisourea)
and the �sprE were heavy-labeled ([N15]-O-methylisourea).
This comparison demonstrated that the pairs of frag-
ment ions observed in the MS/MS spectra correspond
to b-ions and not to matrix or chemical noise (Supple-
mentary Figure S1, which can be found in the electronic
version of this article). Additionally, obtaining equiva-
lent results from this reciprocal experiment indicated
that the isolation window of �6 mass units did not bias
precursor selection. Our results suggest that one possi-
ble role of SprE in the polyadenylation pathway is
through the regulation of the association between PAP
I and SrmB. We are currently investigating the biolog-
ical significance of these findings. Overall, our results
indicate that Lys-N digestion followed by guanidina-
tion can be effectively used as an alternative to trypsin
in relative quantification studies.

Conclusions

We describe the use of Lys-N in conjunction with
guanidination and isotope labeling for analyses of
MALDI-generated singly-charged ions. This integrative
approach provided increased sensitivity of detection
at the MS level and improved fragmentation at the
MS/MS level of analysis, as well as an economical
means for relative quantification. However, the ob-
served reduction in protein sequence coverage of�30%
following Lys-N digestion, compared with trypsin di-
gestion, should be considered when implementing
these approaches. Nevertheless, this methodology proved
useful for the characterization and relative quantifica-
tion of protein–protein interactions in yeast and bacte-
ria, and we expect it to be applicable to various types of
proteomic studies.
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