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Abstract

RNA-based protein synthesis produces L-amino acid-containing proteins and peptides. D-amino
acid-containing peptides (DAACPSs) can be generated from L-amino acid peptides via post-
translational modification. In the nervous system, the conformational change of a single L-amino
acid in a peptide to its D-form results in altered bioactivity, with some DAACPs having orders-of-
magnitude enhanced efficacy. However, this modification is often overlooked when characterizing
endogenous peptides. Here, using matrix-assisted laser desorption ionization (MALDI) time-of-
flight (TOF)/TOF mass spectrometry, neuropeptides that have the second residue isomerized to
the D-isoform are distinguished from their L-epimers via differences in the relative amounts of
specific fragment ions during tandem MS. By choosing the appropriate fragment ions, and in some
cases with the use of metal adducts, epimer discrimination is optimized. Specifically, the
cardioexcitatory peptide Asn-pTrp-Phe-amide (NdWFa) was assayed directly from neurons
isolated from the sea slug Aplysia californica; the fraction of the peptide with the second residue
(W) in the D- versus L-form was 90 + 10%. We demonstrate that this approach is well suited for
confirming DAACPs directly from cells and tissue, advancing our understanding of the L to D
modification and the role it plays in cell-to-cell signaling.

INTRODUCTION

Neuropeptides act as cell-to-cell signaling molecules and perform important roles in the

central nervous system in animals. They are generated via the processing of larger precursor

proteins into biologically active peptides and their function is often dependent on chemical
modifications.1:2 One of the more unusual post-translational modifications (PTMs) in
neuropeptides is the isomerization of an L-amino acid residue into its D-form.3

D-amino acid-containing peptides (DAACPSs) share the same sequence with their all-L
isomers, but in many cases, the D-amino acids confer distinct and at times, dramatically
enhanced receptor binding affinity.4:5 Consequently, the modification is sometimes a

requisite for the induction of physiological effects. For example, NdWFa, a cardioexcitatory

peptide first isolated from Aplysia kurodai, was found to be highly active in the modified
form, but NWFa only induces minimal effects.6 As another example, achatin-I (Gly-pPhe-
Ala-Asp), isolated from the African giant land snail Achatina fulica, demonstrated potent
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neuroexcitatory effects, while the all-L-form isomer achatin-11 (Gly-Phe-Ala-Asp) lacked
significant activity.7 How is this enhancement possible? The isomerization event changes
secondary structure,8710 and in longer peptides, even disrupts tertiary structures.11
Moreover, because binding affinity depends on shape, and is also dependent on electronic
interactions and hydrogen bonding between the peptide and the receptor, changes in shape
can dramatically shift the bioactivity of these cell-cell signaling molecules.

Over the last three decades, multiple DAACPs have been reported in mollusks, such as the
neuropeptides NdWFa, achatin-1 and its homolog in octopus, ocp-1 and ocp-4,12 fulicin
(FANEFVa) and fulyal (YdAEFLa), with the latter two peptides from the fulicin gene-
related peptide precursor.7:13:14 In total, ~30 DAACPs (including hormones and
antimicrobial peptides) have been found in a variety of species.6:12:15734 In several cases,
the PTM has been created by a peptidylaminoacyl-L/D-isomerase. Several isomerases have
been reported, including enzymes from the funnel web spider Agelenopsis aperta:35 the frog
species Bombina variegate and Bombina orientalis:36 and the primitive mammal, the
platypus.37 These enzymes do not share the same catalytic mechanisms, and more
interestingly, the preferred site of isomerization is distinct. The enzyme(s) responsible for
the formation of DAACP in several molluskan species (e.g., NdWFa, FGRPs, achatin) are
not known, but they share a strikingly conserved activity in the formation of these specific
DAACPs; the second position from the N-terminal is the amino acid that is isomerized.

A separate class of naturally occurring D-amino acids in peptides is spontaneous
racemization, for example, a D-Ser residue in the beta-amyloid protein [D-Ser26]Ap1-40 is
generated in an age-dependent process. This non-toxic form is processed by a protease to
form the more problematic peptide [D-Ser26]AB25-35/40, which may be related to the
transition of the soluble A to the pathological fibrillar form.38

How many neuropeptides contain a D-amino acid residue but have yet to be discovered due
to the lack of a sensitive assay? Questions about how DAACPs function cannot be answered
unless there is an efficient method to characterize them. Unfortunately, conventional
sequencing techniques such as Edman degradation and mass spectrometry (MS) do not
distinguish D- from L-amino acids, raising the possibility that previously “characterized”
peptides may have been tested for bioactivity on the non-physiological, all-L-amino acid-
containing forms. Therefore, in order to achieve complete characterization of a novel
peptide, techniques that allow diastereomeric characterization of the amino acids in peptides
are required, especially in cases where the L-form has not been shown to have robust
activity.

How are unidentified DAACPs characterized? While MS is the most common approach for
characterizing an unknown peptide,39:40 because this PTM has no associated mass change,
improved approaches are needed. One option is enzymatic screening, which uses specific
enzymes to selectively degrade peptides that contain only L-amino acids.41 An enzyme-
aided screening method, when combined with MS, can be used to identify peptides
containing a D-amino acid near the N-terminal, even from a complex mixture. The
advantage of this type of screening approach is that standards are not required; note
however, that other peptide modifications can cause false positives. Confirming that a
peptide contains a D-residue entails additional experimental steps, and often requires L- and
D-amino acid-containing peptide standards to accomplish. One of the more interesting MS-
based techniques used to distinguish diastereomers relies on the stability of complexes
formed between an added metal species and the diastereomers, known as the kinetic method.
42 The semi-stable complexes formed with the peptide isomers have different
thermochemical properties that lead to different branched fragmentation profiles, thereby
enabling discrimination.
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These approaches can be extended by application of direct tandem MS (MS/MS) methods to
investigate the protonated peptides. By measuring the differential fragmentation patterns, the
diastereomers can be discriminated. Relatively soft ionization methods such as electrospray
ionization (ESI) can allow enough solution-phase structure to carry into the gas phase to
allow such discrimination.43 Recently, Adams et al.44 reported using ESI-Fourier transform
MS with electron capture dissociation to distinguish and quantify DAACPs and proteins
with a limit of detection of 1%,; later this method was extended to MALDI MS by Sachon el
al.45 In the latter work, two short peptides were studied and discrimination made by
measuring the abundance of corresponding fragment ions generated from the different
epimers; for DAACPs with a substitution of the 2" residue, N-terminal acetylation was
introduced to enable the distinction. These methods serve as downstream approaches to
confirm the DAACP candidates, but to date have used only synthetic peptides.

For this study, we adapted the MALDI MS method described above,45 combining it with
the direct MALDI measurement of complex mixtures of peptides in individual and small
numbers of neurons.46:47 Cells were deposited directly onto a MALDI target and the
DAACPs distinguished and quantified using collision-induced dissociation (CID) MS/MS.
We validated this approach with known molluskan DAACPs. Using a working curve
derived from standards, we characterized the fractions of NWFa and NdWFa within single
cells—obtaining amounts consistent with prior reports—and demonstrated the ability to
discriminate other putative Aplysia DAACPSs. For those peptides where the two isomers
fragmented similarly for the measured fragments, the use of various additives was shown to
enhance chiral discrimination. Thus, this approach appears to be general, at least for all of
the peptides tested here.

EXPERIMENTAL SECTION

Materials

Animals

Synthetic peptides: NWFa, YAEFLa, GFAD, GFFD, FMRFa, and the corresponding five
analogs with D-amino acids in the second position (Table 1), were synthesized by the
Protein Sciences Facility, University of Illinois at Urbana-Champaign. Chemicals and
reagents: Water was purified from a Milli-Q system (Millipore, Bedford, MA)); the
antibiotics, 2,5-dihydroxybenzoic acid (DHB), NaCl, KCI, CaCl,, MgCl,, CoCly, MgSOy,
HEPES, and acetonitrile (ACN) containing 0.01% trifluoroacetic acid (TFA), were obtained
from Sigma-Aldrich (St. Louis, MO).

Aplysia californica (120-170 g) were purchased from the University of Miami/NIH National
Resource for Aplysia and kept in an aquarium containing aerated and filtered artificial
seawater (Instant Ocean, Aquarium Systems Inc., Mentor, OH) at around 14 °C until used.
Prior to dissection, animals were anesthetized by injection of isotonic MgCl, (30 to 50% of
body weight) into the body cavity.

Neuron Isolation

The abdominal ganglia were dissected and incubated in artificial sea water (ASW: 460 mM
NaCl, 10 mM KCI, 10 mM CaCl,, 22 mM MgCl,, 6 mM MgSOy, and 10 mM HEPES, pH
7.8) supplemented with antibiotics (penicillin G, gentamycin and streptomycin) and
containing 1% (w/v) protease (Type IX: Bacterial; Sigma-Aldrich) at 32 °C for 45 min to
loosen the connective tissue sheath. Following a 1-3 h rinse in ASW with antibiotics to
remove the bulk of the protease, the ganglia were stretched onto a silicone elastomer
(Sylgard, Dow Corning, Midland, MI) layer in a petri dish containing 3—4 mL of the ASW-
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antibiotic medium using 0.15 mm diameter tungsten needles (WPI, Sarasota, FL) and
connective tissue was surgically removed to expose neurons.

Clusters of peptidergic neurons from individual A. californica containing N(d/I)WFa were
identified according to their position, size, and pigmentation.48:49 Isolated neuron clusters
were briefly rinsed in Milli-Q water to remove excess salts and ASW before depositing onto
the MALDI target. Excess liquid was aspirated from the target and spot-to-spot cell transfers
were performed for sampling of individual neurons as described previously.50 Between 0.2—
0.4 pL of 10 mg/mL DHB matrix was applied by the dried droplet method over the lysed
cells. Ten animals were tested (biological replicates), and at least three technical replicates
were made from each biological sample.

MALDI TOF/TOF MS Analysis

MS measurements were performed using an UltrafleXtreme MALDI time-of-flight (TOF)/
TOF mass spectrometer (Bruker Daltonics, Billerica, MA) in positive-ion reflector mode.
MS/MS measurements were performed in “LIFT” mode with CID turned on. Collision was
performed with argon gas, creating a source pressure of 6 x 1076 mbar, and the collisional
energy was typically set to 27 keV, including a potential raise in the “LIFT” chamber.
External peptide standards were used for calibration of the MS and MS/MS in the low mass
range.

For the synthetic peptides, 0.7 uL of 1 mg/mL of each was dissolved in water, deposited on
the target, and mixed 1:1 (v/v) with matrix: 10 mg/mL of DHB in 50% ACN with 0.01%
TFA. In some experiments, 0.5 uL. of 1 mM CoCl, was co-spotted with sample and matrix
in order to form metal-peptide complexes. For each synthetic peptide sample, six replicate
spots were characterized. For each replicate, the spectrum was an average of 5,000 laser
pulses. The same instrument settings were used for the synthetic peptide samples that
included mixtures of the D- and L-standards. For calibration curve plotting, the D-epimer
mole fraction was incremented in 20% steps, and data collection was the same as with the
pure isomers. For the single-cell measurements, conditions were the same, except that laser
intensity was adjusted to observe peaks with a signal-to-noise ratio higher than 100 but not
saturated; this value was kept consistent across the cell samples from each animal (with n =
10).

The MS/MS spectra were analyzed using the FlexAnalysis and Biotools software packages
(Bruker Daltonics). Statistics was performed with intensity/area values exported from
FlexAnalysis. Statistical calculations, including mean and standard deviation for bar charts
and calibration curves, were performed using Microsoft Excel 2010. To compare
fragmentation patterns between two epimers, intensity values for each fragment ion were
normalized to the sum of all major fragment ions produced from the particular sample spot
(except for results from metal adducts, which were normalized to the most intense peak as
the metal adduct example contained large numbers of low intensity peaks). The observed
fragment ion peaks were mass matched to predicted fragment ions using Protein Prospector
(http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msproduct).

RESULTS and DISCUSSION

Our goal was to determine if the neuropeptides known to contain D-amino acids have
enough differences in their fragmentation patterns to enable the peptide fraction in each
form to be characterized. While ESI MS is normally considered to be more reproducible, we
use MALDI TOF/TOF MS here because of its compatibility with direct cell and tissue
measurements, thereby enabling smaller-volume neuropeptide characterization.39:51:52
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The D-amino acid-containing neuropeptides NdWFa, YdAEFLa, and GdFAD previously
reported from animal tissues, and another two short peptides, GdFFD and FAMRFa, and
their five respective L-epimers were used for MS/MS measurements. These peptides yield
fragment ions, with b- and y- being the major types; the product ions resulting from further
water losses can be detected as well (see Table 1, with additional supporting data presented
in the Supporting Information). The peak intensity and area value of each major fragment
ion were both measured and the results did not differ significantly (data not shown);
therefore, the peak intensity measurements were used for analyses.

A reasonable reproducibility of the peak intensity measurements allows comparison between
epimers; however, we found that the intensities of product ions can vary significantly across
six replicate spots. In order to improve run-to-run consistency, instrumental parameters,
including laser fluence, remained unchanged throughout the samples tested. In addition, all
fragment ion intensities were normalized, either to the sum of product ions generated from
the respective replicate, or to the most intense peak (the latter was done in the case of the
metal adducts, where there were large numbers of low intensity product ions). With this
normalization procedure, a small standard deviation was observed (less than 1% relative
standard deviation for major fragment ions), allowing clear discrimination between epimers.

For the five peptide pairs tested, pure D/L peptides demonstrated significant stereochemical
effects that allowed discrimination of their fragment ion fingerprints (Figure S1, with F(d/
I)MRFa shown in Figure S2). Not surprisingly, this technique demonstrated differing
abilities in characterizing some pairs over others, reflected in the Rgpira Values of each pair,
where Rgpiral represents the ratio of Rp and Ry, with each being the ratio of a pair of
chirality-reporting fragment ions for the D- and L-epimer, respectively. While one could use
the entire spectra to distinguish the two forms, here we determined the specific fragment
ion(s) that were most useful for this discrimination. The relative quantification of the
differentially generated fragments, as shown in the bar charts (Figure S1), led to the
identification of indicator ions critical for discrimination. For example, the ratios of
fragments b3 to b2 of NWFa and NdWFa (referred to as Rp and Ry, respectively) were used
as chirality reporters to distinguish the D- versus L-form and determine the fraction of the
D-peptide.

Interestingly, the fragment ions that showed the most pronounced changes in relative
abundance between the D- and L-forms were not always the flanking residues of the D-
amino acid, as also observed by others.11:45 For the peptides we examined, the a4, b4, z4
and y2 ions varied the most between YAEFLa and YdAEFLa (Figure S1C), as can be
visualized with the representative spectra in Figure S3; and y2 and MH-H,0O showed the
most significant changes between the two epimers for GFFD and GdFFD (Figure S1D). This
suggests that the substitution of a single D-amino acid has an impact on the overall
conformation of the peptide, rather than only on the neighboring residues, resulting in
complex changes in fragmentation patterns.

Using direct fragmentation we successfully discriminated all five pairs of peptide epimers
but found that the chirality-reporting product ion abundances for GFAD and GdFAD, and
FMRFa and FAMRFa, were fairly similar. Therefore, to maximize the sensitivity of these
assays we explored the fragmentation differences in metal-complexed cations of these
epimers. The sodium adducts present in the peptide standards have shown promise for
enhancing chiral discrimination when protonated peptides only show minimal differences.53
As seen in Figure S4, the Na*-cationized peptides generated a different set of fragment ions
from the protonated peptides and several pairs of product ions were used for chiral
discrimination, some of which led to an enhanced chiral recognition factor (Rchira=Rp/RL).
This effect may be due to different binding sites or the orientation of sodium ions on the
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peptide.53 The variation between runs is significant when compared to the fragmentation of
protonated peptides, partly due to the low intensities of the product ions. It may be that this
is a result of a low abundance of salt adducts, or a lower fragmentation efficiency of these
adducts due to the charge stabilization effect.

Another option is to use added metal species to enhance the discrimination power. As
adapted from the kinetic method,42:54 transition metal ions can be added to the sample for
metal-peptide complex formation. Here, cobalt chloride was used to discriminate FMRFa
and FdMRFa. These two peptides are difficult to discriminate when assayed directly, but
showed obvious differences with cobalt adduct fragmentation (Figure S2).

When one assays a tissue sample, partially processed and final peptide products will be
present. Thus, it is expected that the peptide will be present in both the L- and D-forms, and
so measuring the relative abundance of each helps us to understand the importance of
DAACPs as signaling molecules. Among the four pairs of peptides, protonated NWFa and
NdWFa had the most distinct fragmentation profiles, with the b2 and b3 ions demonstrating
a large Rchiral Of 3.18, making this pair a good model to be used for isomeric content
measurement.

According to the following calculations, the Ry, measured from two chiral indicator ions of
the mixture is correlated with the mole fraction of the D-epimer.44 For an L- and D-form
mixture of a peptide, a being the mole fraction of the D-form:44:55

AAG), =a" A(AG), +(1 — )" A(AG), (Eq 1)

with this leading to:

InR,=A(AG),, /RT=A(AG), /RT+[(A(AG),, — A(AG), )/RT)"a=In (R, )+In (Rehira) “@. (Eq. 2)

Therefore, In Ry is linearly proportional to a. In this equation, AG is the free energy change
in the fragmentation process, A (AG) is the difference of AG between two fragmentation
pathways, R is the branching ratio of two fragmentation pathways, which approximately
equals the abundance ratio of the two fragment ions, Ry, represents the measured abundance
ratio of these two chirality-reporting ions obtained from the isomeric mixture, and R¢hiral
equals the ratio of R and Rp.

Based on Equation 2, a calibration curve (Figure S5) was created using a mixture of the D-
and L-peptide standards, thus allowing the isomeric content to be calculated (In Ry,=0.1495
+1.1181*q, with the squared correlation coefficient R2 = 0.9757); standards were co-spotted
with an endogenous peptide mixture extracted from the buccal ganglion of A. californica
that did not contain the target analytes. Adding the endogenous peptide mixtures without
target analytes allows the complexity expected in later biological samples to be mimicked
without perturbing the measured isomeric ratio. The high data consistency and linearity
shown in this curve demonstrates that the approach can be used for accurate isomeric
determinations. The deviations from linearity may result from an unequal affinity of the two
epimers to salt adducts.

We applied this method to determine the conformation of NdWFa/NWFa in a direct assay
from individually isolated neurons. Although Morishita et al.6 reported the NWFa peptide in
the R3-R13 neurons, we did not detect it in those cells; instead, a mass corresponding to
NWFa was detected in a small cluster of whitish, medium-sized neurons located on the

Anal Chem. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bai et al.

Page 7

lateral edge of the upper right rostral quadrant of the abdominal ganglion, as well as in
several white neurons at the medial edge of the quadrant (the mass fingerprint of these cells
is shown in Figure 1). Because the target peptides are of relative low-abundance, the cell salt
rinsing step was critical to reducing interference of salts from the ASW and enhanced MS
detection. DHB was found to be more suitable for these measurements because of its higher
salt tolerance (as found in neurons) compared with a-cyano-4-hydroxycinnamic acid, and
the improved peak resolution relative to concentrated DHB matrices. MS/MS analysis was
performed using these peptidergic neurons (Figure 2).

Ten animals were used for the isomeric content measurements. The average percentage of
NdWFa measured is 89.5 + 9.6%, indicating that the content of the DAACP epimer is
surprisingly high in these relevant neurons. This is in agreement with previous capillary
electrophoresis measurements48 and may indicate that the equilibrium is toward converting
most of the peptide into the D-amino acid-containing form. Furthermore, the high levels of
the D-form suggest that this is the bioactive peptide, as suggested by the observation that it
takes three orders of magnitude higher concentration of NWFa than NdWFa to induce the
same heart beating amplitude.6 Of course, when observing peptide contents from cells, one
observes both the final products and processing intermediates, and so the small amount of
the L-form peptide may indicate that the conversion occurs on a faster time scale than the
release of these peptides. Regardless of the reasons, our data demonstrates that most of the
NWTFa exists as the NdWFa peptide.

Overall, this study shows that DAACPs with the 2"-residue substitution were distinguished
from their all-L variants using direct MS/MS methods; the isomeric content of a DAACP
was quantified within a complex mixture in samples as small as several neurons. With the
use of synthetic standards, chirality-reporting fragment ions are identifiable by comparing
the abundance of respective major fragments from the epimers having the 2"d-position
isomerization using MALDI MS. The chiral recognition factor varies with specific peptide
sequences, but most of the biologically relevant peptides tested are discriminated, sometimes
with the use of metal-complexed cations. In biological samples, the ratio Ry, calculated from
these reporters can be used to determine the natural isomeric content based on calibration
curves obtained with standards. If prior knowledge about the target peptide is available,
single cells or tissue samples can be assayed and the fraction in each form characterized.
This option provides an advantage because the direct cell measurements involve samples
where the target peptide is more concentrated and the ratios provide information on peptide
forms within a biological context.

Although no general features associated with DAACPs have been determined that allow
their “blind” identification, this study demonstrates a fast and sensitive downstream
approach to confirm candidates that potentially contain a D-amino acid. Using MALDI MS
rather than other ionization techniques allows multiple experiments to be conducted within
the same sample spots, so that peptides can be surveyed in a high-throughput fashion and
then selected samples can be tested using the chiral measurements. This method, together
with high-throughput enzymatic screening of complex peptide samples,41 provides an
important addition to the approaches needed to characterize novel DAACPs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Two representative mass spectra demonstrating the peptide profile of the isolated neurons
from A. californica. These neurons contain several peptides from the MIP-related peptide
precursor and R3-14 peptide precursor.
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Figure 2.

MS/MS profiles of endogenous N(I/d)WFa compared with synthetic NWFa and NdWFa
standards. A. Two typical MS/MS mass spectrums generated from m/z 465.2, acquired from
relevant neurons isolated from the abdominal ganglia of A. californica. B. Fragmentation
patterns of the NdWFa and NWFa standards.
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