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ABSTRACT: The identiﬁcation and sequencing of novel
cationic antimicrobial peptides (CAMPs) have proven
challenging due to the limitations associated with traditional
proteomics methods and diﬃculties sequencing peptides
present in complex biomolecular mixtures. We present here
a process for large-scale identiﬁcation and de novo-assisted
sequencing of newly discovered CAMPs using microparticle
capture followed by tandem mass spectrometry equipped with
electron-transfer dissociation (ETD). This process was initially
evaluated and veriﬁed using known CAMPs with varying
physicochemical properties. The eﬀective parameters were
then applied in the analysis of a complex mixture of peptides harvested from American alligator plasma using custom-made
(Bioprospector) functionalized hydrogel particles. Here, we report the successful sequencing process for CAMPs that has led to
the identiﬁcation of 340 unique peptides and the discovery of ﬁve novel CAMPs from American alligator plasma.
KEYWORDS: antimicrobial, alligator, peptides, microparticles, mass spectrometry, electron transfer dissociation, PEAKS db,
de novo sequencing, de novo-assisted sequencing

■

INTRODUCTION

The approaches that have been used to discover and identify
native CAMPs from biological samples have proven slow and
low-yielding. Traditionally, new CAMPs have been discovered
through fractionation methods or through the identiﬁcation of
conserved sequences in cDNA. However, it has been found that
related CAMPs are not conserved at the amino acid level across
species, (for example, SMAP-29, LL-37, and indolicidin are
CAMPs of the cathelicidin class from three mammalian species,
but they are not highly homologous) making this type of
identiﬁcation diﬃcult. Current proteomic methods for CAMP
discovery usually require large sample volumes of biological
materials (frequently upward of 1 L), involve time-consuming
HPLC or electrophoretic fractionation, and rely on enzymatic
digestions coupled with collision induced dissociation (CID)
mass spectrometry or MALDI-TOF coupled with Edman
degredation to determine peptide sequences.6−10 Large sample
volumes and HPLC fractionation can lead to loss of low
abundance peptides such as CAMPs as well as low activity in

Cationic antimicrobial peptides (CAMPs) are produced by
nearly all living organisms and are an essential part of the innate
immune defense against invading pathogens in higher organisms.1−3 CAMPs tend to be low molecular weight amphipathic
peptides, combining both cationic and hydrophobic elements.
These physicochemical properties complement those of bacterial
membranes, which tend to be rich in anionic lipids, allowing
these peptides to directly interact with bacteria in a nonreceptor
mediated pathway and exert broad spectrum antimicrobial
eﬀectiveness. Despite their pervasive expression in nature, the
occurrence of bacterial resistance to CAMPs has been limited
and not as widespread as has been the case for conventional
antibiotics.4 Thus, CAMPs and their unique ability to exert direct
broad spectrum antimicrobial eﬀects have the potential to
dramatically impact the development of future antibacterial
therapeutics.5 The discovery and cataloging of these remarkable
peptides could unlock the key to overcoming antibiotic
resistance. Unfortunately, the peptide diversity captured in
extant CAMP databases is limited due to the technical challenges
inherent to current CAMP discovery strategies and methods.
© 2015 American Chemical Society
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biological assays. Enzymatic digestion of samples prior to mass
spectrometry is problematic since information regarding the
native form of peptides can be lost, which could result in
incomplete peptide sequences and erroneous interpretation of
active antimicrobial peptides. In addition, since CAMPs are
known to contain an abundance of lysine and arginine residues,
enzymatic digestion with commonly used trypsin can produce
very small hydrophilic peptide fragments that are not retained on
an HPLC column. While CAMPs are comparatively small
peptides relative to other proteins and peptides present in plasma
and other biological environments, they are large when
compared to the peptide fragments typically generated by
proteolytic digestion for analysis by mass spectrometry.
Unfortunately, CID fragmentation eﬃciency drops oﬀ signiﬁcantly for peptides with gas phase charge states of +4 or greater.
Therefore, this type of fragmentation is not well suited for larger,
more highly charged peptides such as intact CAMPs,11 which can
demonstrate gas phase charge states of up to +9. To overcome
these issues, a new approach to CAMP discovery must be
employed.
Recent advances in protein mass spectrometry have greatly
improved mass accuracy resolving power, sensitivity limits, and
data acquisition speed. Another recent advance comes in the
form of new peptide fragmentation chemistries. One of these
advances, electron-transfer dissociation (ETD), developed by
Donald Hunt in 2004, is of particular relevance as it allows for the
eﬃcient fragmentation of larger, more highly charged
peptides.11−13 By combining ETD with high-resolution and
high mass accuracy mass spectrometry, it becomes possible to
eﬀectively and eﬃciently sequence the larger, more highly
charged CAMPs, and in a de novo manner when necessary. This
negates the need for enzymatic digestion and allows for
identiﬁcation of intact, full-length native peptides.
Recently, we developed a new and eﬀective method for CAMP
identiﬁcation that allows for the rapid extraction and analysis of
the native, functional peptidome.14 This method uses our
Bioprospector microparticles to enrich intact, functional small
peptides with CAMP-like characteristics from biological samples
coupled with analysis of the captured peptides using ETD mass
spectrometry (Figure 1). The Bioprospector microparticles
consist of a 1:1 combination of two types of cross-linked poly(Nisopropylacrylamide)-based particles, one incorporating acrylic
acid as its aﬃnity bait and the other combining acrylic acid and 2acrylamido-2-methylpropanesulfonic acid. The carboxylic and
sulfonic acids in the particle matrices are deprotonated and
electrostatically complement the positive charges associated with
CAMPs. The cross-linking of the polymer framework helps to
exclude larger proteins/peptides from binding eﬀectively to the
anionic baits. Initial analysis of the harvested peptides by mass
spectrometry reveals a complex mixture of peptides. De novo
sequencing of peptides from the highly complex mixture can be
achieved with the assistance of PEAKS, a de novo sequencing
software package.15−17 PEAKS then uses sequence tags from the
de novo sequences to search against any available database (de
novo-assisted). In this study, we compare the ability of two mass
spectrometers (LTQ-Orbitrap Elite and the LTQ XL) both
equipped with ETD, in conjunction with PEAKS, to de novo
sequence known full-length, functional CAMPs. This technique
was then in turn implemented in the de novo and de novoassisted sequencing of multiple novel CAMPs harvested from
American alligator plasma.14

Figure 1. Bioprospecting approach to CAMP discovery: (A)
Bioprospector hydrogel microparticles are introduced into the plasma
sample. (B) The particles capture small cationic peptides, which are
present in the sample, while excluding high molecular weight proteins.
(C) The particles are then recovered, and (D) captured low molecular
weight peptides are eluted from the particles and (E) analyzed by highresolution MS/MS.

■

MATERIALS AND METHODS

Peptide Harvest and Elution

Peptides were harvested and eluted as previously described.14
Brieﬂy, plasma (100 μL) from American alligator blood that had
been stimulated with ionomycin (1 μM, 30 min, 30 °C) was
diluted into 1.6 mL of Bioprospector hydrogel particles14 (40
mg) suspended in 10 mM Tris-Cl buﬀer (particle suspension =
pH 5) for a ﬁnal volume of ∼1.7 mL. After incubating for
approximately 18 h at room temperature, the plasma−particle
harvest mixture was centrifuged at 16.1 × 103 rcf to pellet the
particles, and the pelleted particles were resuspended in 10 mM
Tris-Cl buﬀer (pH 7.4). This centrifugation and resuspension
process was repeated two more times to ensure removal of
excluded proteins and peptides. Following the ﬁnal wash with
Tris-Cl buﬀer, the pelleted particles were suspended in an elution
buﬀer consisting of 1:1 triﬂuoroethanol (TFE)/0.1% TFA in
water. The particles were gently agitated for 1 h at room
temperature before pelleting (as described earlier). The
supernatant, containing eluted captured peptides, was collected
and set aside. The elution process was repeated three more times
with suspended particles being incubated 20 min in elution buﬀer
each time prior to pelleting. The elution supernatants were
combined and dried via vacuum centrifugation before being
desalted using a Zip-Tip (Millipore, Billerica, MA) solid phase
extraction for mass spectrometry analysis.
LC−MS/MS

LC−MS/MS experiments carried out on the LTQ XL
(ThermoFisher, Waltham, MA, USA) used nanospray equipped
with an Agilent 1100 HPLC system (Agilent Technologies, Santa
Clara, CA). Peptides were separated using a reversed-phase
manually packed 75 μm i.d. × 10 cm long with 5 μm, 200 Å pore
size, C18 resin LC column (Michrom Bioresources, Auburn,
CA). The mobile phase was a gradient prepared from 0.1%
aqueous formic acid (mobile phase component A) and 0.1%
formic acid in acetonitrile (mobile phase component B). After
sample injection, the column was washed for 10 min with A; the
peptides were eluted by using a linear gradient from 0 to 50% B
over 45 min and ramping to 100% B for an additional 2 min; the
ﬂow rate was 300 nL/min. The LTQ-XL was operated in a data4283
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Library (NIBB, Japan), and the Adult American Alligator Liver
Library (University of Florida, Department of Zoology, Gainesville, FL). The second database was an Alligator mississippiensis
transcriptome obtained from the International Crocodilian
Genome Working Group (www.crocgenomes.org).18 A 1%
false discovery rate (FDR) was used as a cutoﬀ value for reporting
peptide spectrum matches (PSM) from either database. For
peptides of interest that were identiﬁed against at least one of the
databases utilized, the sequences were manually veriﬁed by
matching the experimental spectral ions to a fragment prediction
program (MS-Product; http://prospector.ucsf.edu). For peptides of interest with de novo-only sequences, the sequences were
manually veriﬁed by matching the experimental spectral ions to a
fragment prediction program. In addition, the peptides
synthesized for the antimicrobial activity assay based on the de
novo-only sequences were analyzed by ETD-MS, and those
spectra were matched against the experimentally derived
sequences. For de novo-only sequences, only leucine (L) was
denoted since it is indistinguishable from isoleucine (I) by ETD
fragmentation.

dependent mode in which each full MS scan was followed by ﬁve
MS/MS scans in which the ﬁve most abundant molecular ions
were dynamically selected and fragmented by electron transfer
dissociation (ETD) using ﬂuoranthene as the electron transfer
reagent and a reaction time of 100 ms. Supplemental activation
was also applied.
LC−MS/MS experiments carried out on the LTQ-Orbitrap
Elite (ThermoFisher Scientiﬁc, Waltham, MA, USA) used
nanospray equipped with an EASY-nLC 1000 HPLC system
(Thermo Fisher Scientiﬁc, Waltham, MA, USA). Peptides were
separated using a reversed-phase PepMap 50 μm i.d. × 15 cm
long with 3 μm, 100 Å pore size, C18 resin LC column
(ThermoFisher Scientiﬁc, Waltham, MA, USA). The mobile
phase was a gradient prepared from 0.1% aqueous formic acid
(mobile phase component A) and 0.1% formic acid in
acetonitrile (mobile phase component B). After sample injection,
the column was washed for 5 min with A; the peptides were
eluted by using a linear gradient from 0 to 50% B over 45 min and
ramping to 100% B for an additional 2 min; the ﬂow rate was 300
nL/min. The LTQ-Orbitrap Elite was operated in a datadependent mode in which each full MS scan (120 000 resolving
power) was followed by ﬁve MS/MS scans (120 000 resolving
power) in which the ﬁve most abundant molecular ions were
dynamically selected and fragmented by ETD using ﬂuoranthene
as the electron transfer reagent, using either one or three MS/MS
microscans, using a charge state dependent ETD reaction time
based on a reaction time of 100 ms for doubly charged ions. “FT
master scan preview mode”, “Charge state screening”, “Monoisotopic precursor selection”, and “Charge state rejection” were
enabled so that only the ≥3+ ions are selected and fragmented by
ETD. Supplemental activation was also applied.

CAMP Prediction

A two-pronged approach was taken for predicting potential
CAMPs, with potential CAMPs being determined based on the
results from CAMP prediction algorithms as well as their
calculated physicochemical properties. In the ﬁrst approach,
veriﬁed sequences were submitted for analysis by web-based
CAMP prediction sites (CAMP database, AntiBP2, and
APD219−21), where each peptide was scored, and the likelihood
that they were antimicrobial was predicted. Peptides that were
predicted to have antimicrobial activity were selected for
synthesis. In the other approach, the physicochemical properties
(length, molecular weight, nominal solution charge, pI, and
hydrophobicity) of all veriﬁed sequences were calculated.
Peptide sequences that showed physicochemical properties
similar to those of known CAMPs were also selected for
synthesis to be evaluated for antimicrobial activity.

Spectral Analysis

Mass spectra were directly imported as .RAW ﬁles and analyzed
by SIEVE software (Thermo Scientiﬁc, Waltham, MA, USA) to
determine how many ions were present along with their
corresponding charge states. Analysis was done using nondiﬀerential single class analysis of the raw data using the following
parameters: full m/z range (300−2000), full retention time
range, full frame time width (2.5 min) and m/z width (10 ppm),
20 000 maximum frames, peak intensity threshold of 200 000,
and maximum charge state of +8.

Antimicrobial Performance Assay

The antibacterial activity of the peptides was previously assessed
using a resazurin-based assay.14 Brieﬂy, frozen enumerated
bacterial aliquots were thawed on ice and mixed to uniformly
suspend the cells. For each strain, bacteria were diluted to 2 × 106
CFU/mL in sterile 10 mM sodium phosphate (pH 7.4), and the
bacterial suspensions were then added in 50 μL aliquots to the
wells of a 96-well black microtiter plate that had already been
charged with 50 μL volumes of various dilutions of CAMP
dissolved in the same phosphate buﬀer. Control wells contain
bacteria with no peptide. The microtiter plate was incubated for 3
h at 30 °C (B. cereus) or 37 °C (all other strains). After 3 h, 100
μL of PBS solution with dissolved resazurin and MHB was added
to each well. Following addition of resazurin/MHB buﬀer, the
plate was immediately placed in plate-reading ﬂuorimeter for
incubation overnight at either 30 °C (B. cereus) or 37 °C (all
other strains) while ﬂuorescence was monitored for each well.
Bacterial survival results were determined and evaluated for each
CAMP.22

Sequencing Analysis

Mass spectra were imported directly as .RAW ﬁles and analyzed
by PEAKS de novo sequencing software version 6 (Bioinformatics Solutions Inc., Waterloo, ON Canada). PEAKS
ﬁrst performs a de novo sequence analysis of the ETD MS/MS
data. Mass tolerance for precursor ions was 2 Da (LTQ-XL) or
10 ppm (LTQ-Orbitrap), and mass tolerance for fragment ions
was 0.5 Da (LTQ-XL) or 0.05 Da (LTQ-Orbitrap). Data were
analyzed with no enzyme speciﬁcity, along with oxidation
(+15.9949 Da) on methionine as a variable post-translation
modiﬁcation, and a quality spectral ﬁlter of 0.65. Conﬁdent de
novo peptide sequences were achieved by ﬁltering average local
conﬁdence (ALC) to ≥30%. PEAKS then used sequence tags
from the conﬁdent de novo sequences to search against two
separate databases. The ﬁrst database was an expressed sequence
tag (EST) database obtained by searching the EST database at
NCBI (http://www.ncbi.nlm.nih.gov) for all known alligator
EST sequences. A total of 5469 alligator EST sequences were
found from a number of sources including the Adult American
Alligator Testis Library (University of Florida, Department of
Zoology, Gainesville, FL), the Juvenile American Alligator Liver

■

RESULTS AND DISCUSSION

De Novo Sequencing of Known CAMPs

Since the de novo sequencing of CAMPs using mass
spectrometry has only recently become an area of interest, the
best methods for achieving this objective have yet to be
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Table 1. Known CAMP Properties. Sequences, Length, MW, Charge, pI, and Hydrophobicity of Each Known CAMP Used for
Validating De Novo Sequencing Methods

a

peptide

actual sequence

length (res)

molecular weight (Da)

net chargea

pI

hydrophobicityb

SMAP-29
Buforin
Indolicidin

RGLRRLGRKIAHGVKKYGPTVLRIIRIAG
TRSSRAGLQFPVGRVHRLLRK
ILPWKWPWWPWRR-NH2

29
21
13

3254.03
2433.43
1906.03

9
6
3

12.31
12.60
12.01

−0.21
−0.64
−1.07

Net solution charge at pH 7. bCalculated using the GRAVY hydrophobicity scale.

Figure 2. MS/MS spectra of SMAP-29, Buforin, and Indolicidin on LTQ-ETD. The MS/MS spectrum of (A) SMAP-29 is presented along with insets
showing the (a) precursor (M+6H)+6 ion at m/z 543.79 and (b) a doubly charged ETD z-ion at m/z 913.29. The MS/MS spectrum of (B) Buforin is
presented along with insets showing the (a) precursor (M+H)+5 ion at m/z 488.12 and (b) a doubly charged ETD z-ion at m/z 731.62. The MS/MS
spectrum of (C) Indolicidin is presented along with insets showing the (a) precursor (M+4H)+4 ion at m/z 477.75 and (b) a doubly charged ETD c-ion
at m/z 876.04. The c-ions are denoted in blue and z-ions in red.
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Table 2. Comparison of PEAKS Identiﬁcation with LTQ-ETD versus Orbitrap-ETD Data. Three Known CAMPs Were Run on
Both Thermo LTQ-ETD and Orbitrap-ETD Instruments and Analyzed Using PEAKS De Novo Sequencing Software. De Novo
Sequences Determined by PEAKS Are Compared to the Actual CAMP Sequences
% correct
actual sequence
LTQ-ETDa
Orbitrap-ETD
actual sequence
LTQ-ETDa
Orbitrap-ETD
actual sequence
LTQ-ETDa
Orbitrap-ETD
a

SMAP-29
RGLRRLGRKIAHGVKKYGPTVLRIIRIAG
RGLRRLGSLAFGMCGSSALKLFHLWLRLV
RGLRLRGRRRHGVKKYPGTVLRLLARVA
Buforin
TRSSRAGLQFPVGRVHRLLRK
TRSSRAGLKSKKGSSSNLRAAHH
TRSSRAGLQKTNGRVHRLLRK
Indolicidin
ILPWKWPWWPWRR-NH2
LPLWKEAERELWPLK(−0.98)
LPLWKEGPWQRWRR(−0.98)

24.1
82.3

38.1
85.7

38.4
76.9

Precursor charge state could not be determined by PEAKS, so charge state was manually corrected to obtain a de novo sequence.

established. Therefore, initial studies focused on three known
CAMPs (SMAP-29, Buforin, and Indolicidin)24−29 to establish
and validate a workﬂow and parameters for the successful de
novo sequencing of CAMPs. These three model CAMPs are well
characterized and vary in their length, molecular weight, net
charge, pI, and hydrophobicity (Table 1). The three known
model CAMPs were selected for de novo sequencing method
development based on their varied physicochemical properties to
ensure that diﬀerent classes of CAMPs were represented.
Initial sequencing of the three known CAMPs was performed
using a Thermo LTQ XL mass spectrometer equipped with ETD
(LTQ-ETD). Because of the lower resolution of the LTQ-ETD,
it was not possible to determine the charge states of either the
highly charged peptide precursor ions or of the multiply charged
ETD fragment ions (Figure 2). Without the correct precursor
charge states available, PEAKS was not able to calculate the
correct precursor peptide masses. For PEAKS to perform a de
novo analysis of the three known CAMPs, the precursor charge
states had to be manually adjusted. Once this was done, however,
PEAKS still produces low conﬁdence de novo sequences (Table
2). PEAKS was able to correctly identify only seven of the 29
amino acids for SMAP-29 (24%), eight of the 21 amino acids for
buforin (38%), and ﬁve of the 13 amino acids for indolicidin
(38%), despite all three spectra containing almost a complete cand z-ion series. The low sequence accuracy was most likely due
to the fact that the LTQ-ETD provides low-mass accuracy for
both the precursor and the fragment ions.
Since de novo sequencing of these known highly charged
CAMPs using the LTQ-ETD and PEAKS yielded poor results,
subsequent analyses were done on an LTQ-Orbitrap Elite, which
oﬀers very high resolution and mass accuracy. The increased
mass accuracy and resolution allow for the correct determination
of the charge states and the monoisotopic masses for both the
precursor and fragment ions. This is illustrated in the spectra
generated for the three model CAMPs, which have been
provided in Figure 3. For these highly charged peptides, the de
novo sequencing ability of PEAKS was greatly enhanced when
analyzing the higher resolution and accuracy spectra generated
using the LTQ-Orbitrap Elite (Table 2). This time, PEAKS was
able to correctly assign 23 of the 29 amino acids for SMAP-29
(79%), 18 of the 21 amino acids for buforin (86%), and 10 of the
13 amino acids for indolicidin (77%). Although the de novo
sequences generated by PEAKS were not 100% correct, they
provide excellent templates, and discrepancies with the actual

peptide sequences can be detected with manual veriﬁcation and
corrected since the ETD spectra for each peptide contain nearly
complete c- and z-ion series.
Sequencing of Novel Alligator CAMPs

The high resolution and accuracy of the Orbitrap were needed in
combination with PEAKS for the eﬀective de novo sequencing of
the three known CAMPs. Therefore, the Orbitrap alone was used
as part of the Bioprospector hydrogel particle-based CAMP
discovery process for the identiﬁcation of novel CAMPs from
alligator plasma.14 LC−MS/MS analysis of the microparticle
captured alligator peptides was performed using the LTQOrbitrap Elite using one MS/MS microscan. However, in an
eﬀort to obtain better quality ETD spectra by increasing the
signal-to-noise ratio, a second analysis was performed using three
MS/MS miocroscans. Table 3 shows the total number of ions
with charges from +3 to +8 (calculated using SIEVE) along with
the total number of MS/MS spectra generated, the total number
of de novo sequences above 30% ALC, and the total number of
peptide spectrum matches and unique peptides from the
Alligator EST and transcriptome databases identiﬁed using
PEAKS acquired with both one and three MS/MS microscans.
As expected, the increase in scan cycle time using three
microscans resulted in a decrease in the total number of ions
detected with charge states between +3 and +8 by approximately
20−25%, while the total number of MS/MS spectra acquired
decreased by over 60%.
However, increasing the number of microscans from one to
three did not signiﬁcantly improve the overall quality of the
resulting ETD spectra. Examples are provided in Figure 4, where
ETD spectra collected using one and three MS/MS microscans
for the same precursor peptide are compared. No enhancement
of spectral quality is apparent when acquiring the data with three
microscans, with the spectra appearing extremely similar in both
the c- and z-ions that are present. Switching from one MS/MS
microscan to three does not appear to signiﬁcantly improve
signal-to-noise or relative abundance in the spectra. In fact, the
PEAKS de novo score for the one microscan sequence (65%
ALC) was actually higher than the one for the three microscan
sequence (44% ALC). Since there was only about a 30%
diﬀerence in the abundance of precursor peptide immediately
preceding each ETD spectrum (as seen in the insets), this should
not be a major contributing factor in the quality of the MS/MS
spectra.
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Figure 3. MS/MS spectra of SMAP-29, Buforin, and Indolicidin on Orbitrap-ETD. The MS/MS spectrum of (A) SMAP-29 is presented along with
insets showing the (a) precursor (M+6H)+6 ion at m/z 543.35 and (b) a doubly charged ETD z-ion at m/z 913.07. The MS/MS spectrum of (B)
Buforin is presented along with insets showing the (a) precursor (M+H)+5 ion at m/z 487.69 and (b) a doubly charged ETD z-ion at m/z 731.45. The
MS/MS spectrum of (C) Indolicidin is presented along with insets showing the (a) precursor (M+4H)+4 ion at m/z 477.27 and (b) a doubly charged
ETD c-ion at m/z 875.48. The c-ions are denoted in blue and z-ions in red.

data with three MS/MS microscans did not signiﬁcantly improve
overall data quality. The percentages of de novo sequences from
the number of MS/MS spectra for one microscan and three

The percentages of high-conﬁdence de novo sequences or
database PSMs from the total number of MS/MS spectra
acquired provide additional evidence suggesting that acquiring
4287
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Table 3. Comparison of LC−MS/MS Analyses of Alligator Peptides for One versus Three Microscans. MS and MS/MS Data of
One and Three Microscans Were Compared To Identify Changes in Data Collection Based on Total Ions, Total MS/MS Spectra
Collected, and Total De Novo Sequence Count
number of
microscans

total number
of ions with
charge
+3 to +8

total
number of
MS/MS
spectra

total number of de
novo sequences
with charge
+3 to +8

total number of
EST database PSMs
with charge
+3 to +8

total number of EST
database unique
peptides with charge
+3 to +8

total number of
transcriptome database
PSMs with charge
+3 to +8

total number of
transcriptome database
unique peptides with
charge +3 to +8

1
3

4585
3553

2900
1137

1349
562

545
223

269
131

526
202

272
123

Figure 4. Comparison of one versus three microscan ETD spectral quality. Top panel: spectra collected using one microscan with the precursor ion
shown in the inset. Bottom panel: spectra collected using three microscans with the precursor ion shown in the inset. De novo sequences identiﬁed by
PEAKS are shown at the top of each spectra with the matching portion of the sequences underlined.

scores. The average ALC for all of the de novo sequences was
48% for both the one microscan and three microscans data. The
average −10LogP score for all PSMs was 92 for one microscan
and 98 for three microscans when searching against the EST
database, and the average −10LogP score for all PSMs was 71 for
one microscan and 59 for three microscans when searching
against the alligator transcriptome database. One would expect
higher −10LogP score values for data acquired with three
microscans versus one microscan. However, this has proven not
the case. While the average EST database −10LogP score was
slightly higher with three microscans, the average transcriptome
database PSM score for one microscan data was signiﬁcantly
higher than that aﬀorded by three microscans data. Furthermore,

microscans were 46%, and 49%, respectively. The percentages of
PSMs from the number of MS/MS spectra using the EST
database for one microscan and three microscans were 19% and
20%, respectively. In addition, the percentages of PSMs from the
number of MS/MS spectra using the transcriptome database for
one microscan and three microscans were both 18%. If acquiring
spectra with three microscans produced higher quality data, one
would expect a larger number of de novo sequences and PSMs
relative to the total number of MS/MS spectra generated.
However, this was not the case.
Finally, the last piece of evidence suggesting that acquiring
data with three MS/MS microscans did not improve the overall
data quality is provided by de novo sequence and database search
4288
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each database determined using one and three MS/MS
microscans data. For the EST database search, 87% of the
peptides determined based on three microscans data were also
identiﬁed using one microscan data, while 88% of the peptides
identiﬁed from the alligator transcriptome database were
common to analyses using both three microscans and one
microscan data.
Although we had expected that using three MS/MS
microscans would result in higher quality ETD spectra, thereby
yielding higher peptide sequence scores and probabilities, this
did not occur. Using one MS/MS microscan resulted not only in
a much greater number of MS/MS spectra as expected, but also it
also aﬀorded de novo sequences and database peptide
identiﬁcations with equal or near equal scores and probabilities
relative to analyses using data acquired from three microscans.

the average de novo sequence scores attained using either one or
three microscans data are identical. The Venn diagrams in Figure
5 compare the number of unique peptide identiﬁcations from

Figure 5. Comparison of the number of unique peptide identiﬁcations
using one MS/MS microscan versus three MS/MS microscans
searching against the (A) Alligator EST database and the (B) Alligator
Transcriptome database.

Table 4. Physico-Chemical Properties of Potential CAMPs Identiﬁed from Alligator Plasma Analyzed by ETD LC−MS/MS.
Source Protein, Sequences, Length, MW, Charge, pI, and Hydrophobicity of Identiﬁed Peptide Sequences. Peptides Highlighted
in Yellow Were Chosen for Synthesis and Antimicrobial Analysis. Peptides Highlighted in Blue Were De Novo-Only Sequences.
Peptides Highlighted in Green Were De Novo-Only Sequences Chosen for Synthesis and Antimicrobial Analysis

†

Net solution charge at pH 7. ‡Calculated using the GRAVY hydrophobicity scale.
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Table 5. Antibacterial Performance Data for Alligator CAMPs (Adapted from Bishop et al.14). Antibacterial Performances against
E. coli, B. cereus, P. aeruginosa, and S. aureus Are Expressed Qualitatively as Very Eﬀective with EC50 within 1 log of LL-37 EC50 (+
+), Eﬀective with EC50 between 1 and 2 logs of LL-37 EC50 (+), Slightly Eﬀective (∓) with EC50 between 2 and 3 logs of LL-37
EC50, and Ineﬀective (−). LL-37 Is a Human CAMP That Was Used as a Reference Standard and a Basis for Comparing the
Antibacterial Performances of the Alligator Peptides23

*

Could not be analyzed using AntiBP2 because it requires the queried peptide sequence be ≥15 amino acids in length to generate a prediction score.

Unfortunately, the Orbitrap Elite used for this work did not
have this capability.

The reason for the lack of diﬀerence between one microscan and
three microscans is not entirely clear. Some possible reasons,
however, could be having too low of ﬁll target values on the linear
ion trap or orbitrap, nonoptimal thresholds for precursors to be
chosen for MS/MS, or too low of a precursor isolation width.
These parameters will be adjusted in future experiments.
Between the EST and transcriptome databases, a total of 340
unique peptides were identiﬁed using one MS/MS microscan.
(See Supplemental Tables S1−S6 for the complete list of de
novo sequences and database peptide identiﬁcations.)
Adjusting the number of microscans was only one method of
potentially increasing MS/MS spectral quality and was meant
only to be a ﬁrst pass attempt to do so. Other possible means of
improving spectral quality include increasing ﬁll times, increasing
until target values on the ion trap and the Orbitrap, and adjusting
precursor isolation widths. Future experiments will investigate
how eﬀective these types of adjustments are at improving MS/
MS spectral quality and the resulting sequence scores and
probabilities that are generated. Additionally, incorporation of
HCD fragmentation in addition to ETD could yield improvements in the sequencing of large, highly charged peptides. For
this work, ETD alone was chosen as a ﬁrst pass attempt for
sequencing as many peptides as possible since there was very
large variation in the peptide gas-phase charge states (from +3 to
+9). At the outset of this work, ETD appeared to allow eﬃcient
fragmentation of most of the population of peptides. Since both
MS and MS/MS were being acquired in the Orbitrap, the ETD
fragmentation scans alone had a cycle time of approximately 1 s.
While HCD could prove helpful, we were initially concerned
about the increased cycle time that adding separate HCD scans
to the analysis would incur. As we continue to reﬁne the process
in the future, we will investigate using longer LC gradient times
and incorporating separate HCD scans along with ETD scans.
Spectral quality could also be enhanced with the use of the
technique known as EThcD by Heck et al.30,31 EThcD uses a
combination of ETD and HCD in a single MS/MS spectrum and
has been used to sequence MHC peptides that have similar
sequence characteristics to those associated with CAMPs.

Antimicrobial Prediction and Performance

After PEAKS had generated both de novo and database aligned
sequences for the alligator peptides, the next step was to predict
which sequences would likely have antimicrobial properties. A
combination of web-based CAMP prediction algorithms and
rational peptide sequence analysis based on known CAMP
physicochemical properties was used to identify probable CAMP
sequences for synthesis and testing. The sequences are submitted
for analysis by three diﬀerent CAMP prediction Web sites
(APD2,21 CAMP database,20 and AntiBP219) and their respective
prediction models. Each prediction program employs its own set
of models using various known CAMP properties as the basis for
classiﬁcation algorithms and machine learning algorithms to
predict antimicrobial potential for each sequence, as we
previously described.14
The rational analysis approach focuses on physicochemical
properties that can be calculated based on the peptide sequences
such as molecular weight, length, theoretical charge at
physiological pH, peptide isoelectric point, and hydrophobicity
(calculated using the GRAVY hydrophobicity scale). Only
sequences corresponding to peptides with molecular weights of
less than 5.5 kDa were considered because this is consistent with
the molecular weights of the majority of known vertebrate
CAMPs. Sequences predicted to have charges of +4 or higher at
physiological pH were considered because high cationic
character is believed to be linked with activity. Since peptide
isoelectric point and hydrophobicity can vary among known
CAMPs, these properties were not used as a primary
consideration in determining antimicrobial potential.
These two approaches to CAMP identiﬁcation (web-based
CAMP-prediction algorithms and rational analysis) were used in
combination so as to capture the greatest number of credible
peptides with the potential for antimicrobial activity. This
aﬀorded two lists of potential CAMPs, one consisting of peptide
sequences that showed positive CAMP prediction scores (Tables
S7−S9) and another of peptides exhibited physicochemical
properties associated with known CAMPs (Tables S10−S12).
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Figure 6. ETD spectra of ﬁve alligator peptides determined to have antimicrobial activity. The ETD spectra for (A) APOC164−88, (B) APOC167−88, (C)
FGG401−413, (D) FGG398−413, and (E) A1P394−428 are presented. Observed singly, doubly, and triply charged c- (blue) and z- (red) ions are indicated on
the spectra. The underlined ions in the sequence indicate ions that are present in the spectrum.

consolidated list of CAMP candidates were de novo-only
sequences (highlighted in green and blue). To determine the
source proteins for de novo sequenced peptides, BLAST
searches of the peptide sequences were performed. The closest

The lists of potential CAMPs generated using the two prediction
approaches were consolidated and duplicates eliminated. This
combination of computational and rational analysis yielded 44
potential CAMPs (Table 4). Four of the peptides in the
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108.19
41.83
94.39
76.90
63.33
138.92
51.17
117.87
101.02
78.44
31
68
72
72
74
PHTKTRNFWSEHFKKVKEKLKDTFA
TKRKM(+15.99)HPPGLPVMPVPGPHVRTRY
SYLKKTSMKLPLFTRL
KKTSMKLLPFTLR
YKVLQTVGMFKWGVSKRGRQSVGSLLGMFKLVVLTHG
FSTKTRNWFSEHFKKVKEKLKDTFA
KTRNWFSEHFKKVKEKLKDTFA
YSLKKTSMKIIPFTRL
KKTSMKIIPFTRL
PPPVIKFNRPFLMWIVERDTRSILFMGKIVNPKAP
APOC164−88
APOC167−88
FGG398−413
FGG401−413
A1P394−428

92.0
13.6
100.0
100.0
31.4

EST database score
(−logP)
de novo ALC
(%)
% identity
PEAKS de novo sequence
actual sequence
peptide

Table 6. Comparison of PEAKS De Novo Sequences versus PEAKS Database Sequences of the Five Active Alligator CAMPS. De Novo Sequences Determined by PEAKS Are
Compared to the Manually Veriﬁed CAMP Sequences, and the Identity Correct Was Recorded. PEAKS De Novo and Database Scores for Each Sequence Are Also Reported

probable parental source proteins were determined based on
homology.
From this list, eight peptides [APOC164−88
(FSTKTRNWFSEHFKKVKEKLKDTFA), APOC1 67− 88
(KTRNWFSEHFKKVKEKLKDTFA), A1P394−428
(PPPVIKFNRPFLMWIVERDTRSILFMGKIVNPKAP),
FGG398−413 (YSLKKTSMKIIPFTRL), FGG401−413
(KKTSMKIIPFTRL), AVTG2LP (LQTKLKKLLGLESVF),
ASAP130LP (PPGASPRKKPRKQ), and NOTS 1 7 − 3 8
(VERIPLVRFKSIKKQLHERGDL)] were chosen for synthesis
so their antimicrobial activities could be evaluated (Table 5).
Peptides AVTG2LP, ASAP130LP, and NOTS17−38 were de
novo-only sequences, while the other ﬁve peptides were
identiﬁed from the transcriptome and EST databases. Four of
the peptides (APOC164−88, APOC167−88, A1P394−428, and
ASAP130LP) were selected because they exhibit relatively high
theoretical net positive charges (ranging from +4 to +5) at pH 7.
Peptides AVTG2LP and NOTS17−38 were chosen due to the
prediction algorithms’ general (4 out of 5) agreement that they
were likely CAMPs. The ﬁnal two peptides (FGG398−413 and
FGG401−413) were selected because of their overlap between both
prediction methods.
As previously described,14 the eight synthetic peptides were
tested against a panel of Gram-positive and Gram-negative
bacteria, which included Bacillus cereus, Staphylococcus aureus,
Escherichia coli, and Pseudomonas aeruginosa. Results were
previously reported in our work Bishop et al.14 and are
summarized qualitatively in this work (Table 5). The wellcharacterized human CAMP LL-37 was used in these assays as a
reference standard for measuring antibacterial performance.32−38
On the basis of the results of these assays, ﬁve of the eight
peptides demonstrated signiﬁcant antibacterial activity against
one or more of the bacteria in the panel.14 These ﬁve peptides
were APOC164−88, APOC167−88, A1P394−428, FGG398−413, and
FGG401−413.
The ﬁve active CAMPs showed varied sequences and MS/MS
spectral quality (Figure 6). By comparing the PEAKS de novo
assigned sequences to the actual sequences, as determined by
alignment with the alligator databases and manual veriﬁcation, it
is evident that PEAKS de novo sequencing works very well with
some spectra and not as well with others (Table 6). As expected,
this was highly dependent upon the spectral quality and the level
of c- and z-ions present in each spectrum.
PEAKS de novo sequences for APOC164−88, FGG398−413, and
FGG401−413 showed very good correlation to the actual sequences
of these peptides. Notably, the sequence obtained for
APOC164−88 had 92% correct identity with the actual sequence,
with only the two N-terminal amino acids being incorrectly
assigned. PEAKS gave 100% correct de novo sequence
information for both FGG398−413 and FGG401−413. Because
leucine and isoleucine are indistinguishable by ETD, and leucine
occurs with greater frequency than isoleucine in soluble and
membrane proteins,39 leucine residues were used where the de
novo sequences indicated the presence of an isoleucine/leucine.
Upon inspection of the ETD spectra for these peptides, it is
evident that they are high quality, and all three peptides have a
nearly complete c- and z-ion series (Figure 6A,C,D).
The PEAKS de novo sequence for APOC167−88 had very little
in common with the correct sequence, correctly identifying only
13% of the amino acids, despite a relatively high ALC score of
68%. Only the ﬁrst three N-terminal amino acids were correctly
assigned, although not in the correct order. The ETD spectrum
for APOC167−88 (Figure 6B) presents very few fragment ions to

transcriptome database score
(−logP)
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charge of +4 at physiological pH. All but one of the prediction
algorithms predicted FGG401−413 to have antimicrobial activity
while only two out of ﬁve algorithms predicted FGG398−413 to be
a CAMP. Interestingly, both FGG398−413 and FGG401−413 were
found to have strong antimicrobial activity against E. coli.
FGG398−413 proved to be moderately eﬀective against S. aureus
and P. aeruginosa, while the shorter peptide FGG401−413 proved
less eﬀective against both bacteria. Compared to the performance
of LL-37, peptide FGG398−413 presented mixed antimicrobial
eﬀectiveness, while peptide FGG401−413 showed relatively poor
antimicrobial activity against all of the bacteria tested, except for
E. coli. The two FGG peptides seem to demonstrate a counterexample to the APOC1 peptides, which showed activity but were
predicted to be inactive by the prediction algorithms with the
sole exception being the APD2 database. In this case, the FGG
peptides were correctly predicted to be inactive only by APD2.
The antimicrobial eﬀectiveness exhibited by the eight selected
peptides against E. coli (ATCC 25922) suggests that this bacterial
strain is particularly sensitive to CAMP activity (Table 5).14 In
these studies, antimicrobial eﬀectiveness against E. coli did not
predict potency against the other bacterial strains tested,
emphasizing the importance of testing potential CAMPs against
multiple strains and Gram-types of bacteria to provide a more
comprehensive view of their potential activity.

use to assign the peptide sequence in a de novo manner.
However, the few fragment ions present, along with other de
novo sequence tags (data not shown), were enough to correctly
identify the peptide with−logP scores of 51.17 and 41.83 when
the spectrum was searched against the EST and transcriptome
databases, respectively.
For A1P394−428, PEAKS produced a de novo sequence that was
only 31% correct relative to the actual sequence. Examination of
the ETD spectrum (Figure 6E) reveals few high molecular
weight fragment ions and a limited number of multiply charged
ions, which makes the C-terminal amino acids diﬃcult to
identify. However, with the fragment ions that are present, along
with other de novo sequence tags (data not shown), the same
spectrum yielded −logP scores of 78.44 and 63.33 when searched
against the EST and transcriptome databases, respectively,
allowing proper identiﬁcation of the peptide.
Although NOTS17−38 and AVTG2LP were predicted likely to
be eﬀective antimicrobial peptides based on the CAMP
prediction algorithms (Table 5), neither peptide demonstrated
signiﬁcant antibacterial activity against the bacteria panel (Table
5). These results suggest limitations in the reliability of currently
available CAMP prediction models.19−21 Although ASAP130LP
appeared to have physicochemical properties consistent with
known CAMPs, it similarly proved ineﬀective against the
bacterial panel.
Sharing a nominal net charge of +4 at physiological pH,
APOC164−88 (25aa) and APOC167−88 (22aa) are a nested pair of
peptide fragments derived from apolipoprotein C1.
Both APOC164−88 and APOC167−88 showed signiﬁcant
antimicrobial activity against E. coli, P. aeruginosa, and B. cereus
but were not as eﬀective against S. aureus.14 Relative to the
performance of the known CAMP LL-37, APOC164−88 showed
substantial activity against E. coli, P. aeruginosa, and B. cereus.14
The shorter of the two peptides, APOC167−88, demonstrated
increased potency, relative to the longer peptide APOC164−88,
against E. coli, P. aeruginosa, B. cereus, and S. aureus.14 The
performance of APOC167−88 was similar to the eﬀectiveness
exhibited by LL-37. These results are very interesting since
neither of these peptides were predicted to be strongly
antimicrobial by the CAMP prediction algorithms. Only the
APD2 database correctly predicted that these peptides would
have antimicrobial activity. This again highlights the diﬃculties
associated with predicting whether a peptide will be antimicrobial based on our current understanding of the factors governing
peptide antimicrobial activity.
A1P394−428, a 35-residue peptide fragment of alpha-1antiproteinase, has a predicted +4 charge at neutral pH. Present
in human plasma, alpha-1-antiproteinase, also known as alpha-1antitrypsin, is a serine protease inhibitor (Serpin) and is a major
protease inhibitor that has been linked to anti-inﬂammatory
immune response.40 Although predicted by four of the ﬁve
CAMP-predictor algorithms to not show antimicrobial activity,
A1P394−428 demonstrated signiﬁcant activity against E. coli, B.
cereus, S. aureus, and P. aeruginosa.14 Compared to the
performance of LL-37 against the panel of bacteria, A1P394−428
appears to show good broad-spectrum antimicrobial eﬀectiveness.
Although the protein ﬁbrinogen is associated with coagulation,
which is initiated through proteolytic processing via thrombin, it
has recently been suggested that treating ﬁbrinogen with
thrombin may also generate peptides that exhibit antimicrobial
activity.41 The two nested peptides derived from ﬁbrinogen,
FGG398−413 (16aa) and FGG401−413 (11aa), both carry a nominal

■

CONCLUSION
We have developed a new approach to identifying novel and
potentially useful antimicrobial peptides, which aims to avoid the
technical limitations associated with conventional approaches to
CAMP discovery. In this process, Bioprospector hydrogel
microparticles capture and enrich intact CAMPs based on their
physicochemical properties. Subsequent analysis of the captured
peptides using high-accuracy and high-resolution mass spectrometry allows identiﬁcation of the sequences of these intact
captured peptides. This approach to CAMP identiﬁcation
minimizes the number of steps separating the sample and mass
spectral analysis, and it eliminates labor-intensive, low-yield
puriﬁcation and isolation processes associated with conventional
proteomics approaches to CAMP discovery. Known CAMPs
were used as models to establish the proper instrumentation,
fragmentation techniques, and instrument parameters required
for eﬀective de novo sequencing of highly charged, high
molecular weight peptides. Once the parameters and instrumental requirements for eﬀective de novo sequencing of CAMPs
were determined, they were applied in the identiﬁcation of
CAMPs from alligator plasma. In the process of identifying novel
CAMP sequences from 100 μL of alligator plasma, the ETD MS/
MS spectra for harvested peptides were analyzed using PEAKS
de novo sequencing software, which greatly enhanced de novo
and de novo-assisted sequencing throughput and sensitivity. The
PEAKS software provided the ability to analyze thousands of
both high and low quality spectra and accurately determine
peptide sequences either purely in a de novo manner or with the
aid of database searches.
Utilization of this particle-based CAMP discovery process with
only 100 μL of American alligator plasma resulted in the capture
and de novo and de novo-assisted sequencing of 340 unique
peptides. A combination of web-based predictor algorithms and
rational analysis resulted in the identiﬁcation of 44 potential
CAMPs, eight of which were synthesized and their antimicrobial
eﬀectiveness evaluated. A total of ﬁve peptides (APOC164−88,
APOC167−88, A1P394−428, FGG398−413, and FGG401−413) exhibited
antimicrobial activity against one or more of the Gram-positive
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or Gram-negative bacteria tested.14 The ability to rapidly and
precisely sequence naturally occurring native peptides allows the
identiﬁcation of numerous new potential CAMP species and
potentially greatly increases the repertoire of known CAMPs.
Improving CAMP harvesting selectivity with the development
of new microparticle chemistries and designs as well as modifying
mass spectrometry parameters (as discussed previously) will
allow more eﬃcient capture and identiﬁcation of CAMP
candidates. We believe that the sequence and performance
data from newly discovered CAMPS and CAMP-like peptides
can be used to improve the versatility and reliability of current
CAMP-prediction algorithms as well as to help develop new
ones. Furthermore, because of the relatively small sample volume
required, as well as the sample agnostic nature of the CAMP
discovery process, it is possible to apply this to a wide variety of
species that were thought to be inaccessible such as smallerbodied or endangered species. This will help drastically expand
the list of currently known CAMPs and possibly reveal novel
strategies for battling antibiotic resistance with the discovery of
new antimicrobial peptides.
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