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Abstract
In this study we report an improved protocol that combines simplified sample preparation and micro-
scale separation for mass spectrometric analysis of neuropeptides from individual neuroendocrine
organs of crab Cancer borealis. A simple, one-step extraction method with commonly used matrix-
assisted laser desorption/ionization (MALDI) matrix, 2,5-dihydroxybenzoic acid (DHB), in saturated
aqueous solution, is employed for improved extraction of neuropeptides. Furthermore, a novel use
of DHB as background electrolyte for capillary electrophoresis (CE) separation in the off-line
coupling of CE to MALDI-Fourier transform mass spectrometric (FT-MS) detection is also explored.
The new CE electrolyte exhibits full compatibility with MALDI-MS analysis of neuropeptides in
that both the peptide extraction process and MALDI detection utilize DHB. In addition, enhanced
resolving power and improved sensitivity are also observed for CE-MALDI-MS of peptide mixture
analysis. Collectively, the use of DHB has simplified the extraction and reduced the sample loss by
elimination of homogenizing, drying, and desalting processes. In the mean time, the concurrent use
of DHB as CE separation buffer and subsequent MALDI-MS detection offers improved spectral
quality by eliminating the interferences from typical CE electrolyte in MALDI detection.

1. Introduction
Mass spectrometry (MS)-based neuropeptidomics has become an increasingly intensive
research area due to the importance of neuropeptides as signaling molecules and the rapid
development of MS methodologies [1-5]. Because neuropeptides often exist in complex
biological matrices at low concentrations, highly specific and sensitive strategies are needed
to visualize and characterize the entire complement of endogenous peptides [6]. Additionally,
it is often desirable to measure the changes of neuropeptides qualitatively and quantitatively
in individual animals upon physiological and environmental perturbations [7,8].
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Matrix-assisted laser desorption/ionization (MALDI) facilitates mass spectrometric
investigation of single cells [9] and freshly-dissected neuronal tissues [10-12]. This MALDI-
based in situ methodology has evolved into several popular variants such as direct tissue
imaging mass spectrometry (IMS) [13-19] and direct tissue peptide profiling [11,12,20,21].
The direct tissue peptide profiling technique can generate a quick snapshot of the peptide
profiles of each tissue sample. However, interferences from high salt and lipid content in the
tissue and analyte suppression often lead to incomplete and reduced peptidome coverage of a
tissue sample.

Alternatively, neuropeptide tissue extraction techniques have the ability to yield peptide rich
samples for MS experiments. Currently, the most common extraction approaches are based on
the use of cold acids in combination with mechanical homogenization of the tissue. Numerous
enrichment or fractionation techniques [22-25] as well as several modified extraction
approaches such as microwave-assisted irradiation or heat denaturation of protease techniques
[26-31] have been developed to improve the neuropeptide analysis of different animal models.
However, since most extraction experiments require pooling of multiple organs or neurons,
many animals have to be sacrificed in order to obtain a sufficient coverage of the
neuropeptidome. At the same time, the multiple steps associated with extraction may cause
dilution, sample loss, contamination or chemically-induced artifacts. These steps have, to a
certain degree, masked the information of neuropeptide changes in an individual neuronal
tissue.

Previously, researchers in our lab and others observed that the common MALDI matrix, 2,5-
dihydroxybenzoic acid (DHB) could facilitate direct MALDI-MS analysis when it was used
for tissue rinsing [11,20,32]. Recently, Romanova et al. [33] reported that the use of saturated
DHB in aqueous solution could provide direct extraction of neuropeptides from neuronal
tissues ranging from cellular clusters to intact brain. This one-step protocol is effective and can
also be used for a long-term preservation of the neuropeptide extracts.

Once peptides have been extracted from tissue samples, the high complexity of an extract does
not immediately lend itself to MS analysis. Often further separation steps are required [e.g.,
one-dimensional (1D) or two-dimensional (2D) HPLC] to achieve maximum neuropeptidome
coverage in MS studies. Capillary electrophoresis (CE) has gained increasing attention for the
analysis of a variety of signaling molecules, from small amines and amino acids to
neuropeptides and larger proteins, due to its high resolving power and low sample consumption
[34-40]. CE-MS has now become an established technique for bioanalysis of a wide variety of
biological samples including neuronal tissue extracts [41,42]. We have recently demonstrated
that CE fractionation is promising for global analysis of neuropeptides from complex biological
samples [43]. The off-line coupling of CE to MALDI-MS analysis is not only easy to implement
but also allows for independent optimization of the separation, deposition, and subsequent MS
detection events. Here, we further explore the use of DHB as a multi-functional reagent for
neuropeptide analysis in crab Cancer borealis. Specifically, DHB is utilized simultaneously
as a neuropeptide extraction solvent, a novel background electrolyte for CE separation, and as
MALDI matrix for MS detection. The combined use of DHB in three distinct procedures has
simplified sample preparation and minimized interference from typical background
electrolytes such as phosphate buffer for CE-MS experiments. This new methodology offers
excellent analytical sensitivity and spectral quality for the MALDI detection of individual
neuronal samples.
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2. Experimental
2.1. Materials

Methanol, acetonitrile (ACN), ammonium hydroxide, trifluoroacetic acid (TFA), and acetic
acid were purchased from Fisher Scientific (Pittsburgh, PA, USA). Cellulose acetate, 39.7%
(w/w), average Mr 50 000, was purchased from Sigma-Aldrich (St. Louis, MO, USA). DHB
was obtained from ICN Biomedicals (Costa Mesa, CA, USA). Parafilm “M” was obtained
from Pechiney Plastic Packaging (Menasha, WI, USA). C18 Ziptip column was manufactured
by Millipore and all water used in this study was doubly distilled on a Millipore filtration
system (Bedford, MA, USA). The physiological saline consisted of (in mM): NaCl, 440; KCl,
11; MgCl2, 26; CaCl2, 13; Tris (tris-hydroxymethylaminomethane), 11; maleic acid, 5; pH
7.45. The sequences and concentrations of nine neuropeptide standards are:
PFCNAFTGCamide (crustacean cardioactive peptide, m/z 956.37), 2.0 μM;
SGGFAFSPRLamide (m/z 1037.55), 2.5 μM; CYFQNCPRGamide ([Arg8] vasopressin, m/z
1084.45), 2.5 μM; GAHKNYLRF (m/z 1105.59), 3.0 μM; IARRHPYFL (kinetensin, m/z
1172.67), 10.0 μM; DRVYVHPFHL ([Val5] angiotensin-I, m/z 1282.67), 7.5 μM;
RPKPQQFFGLMamide (Substance P, m/z 1347.74), 7.5 μM; NFDEIDRSGFGFA (m/z
1474.66), 1.5 μM; and AGCKNFFWKTFTSC (somatostatin, m/z 1637.72), 5.0 μM.

2.2. Animal dissection and neuropeptide extraction
Jonah crabs, Cancer borealis, were purchased from the Fresh Lobster Company (Gloucester,
MA, USA) and maintained without food in an artificial seawater tank at 10-12 °C. Details of
the animal dissection were described previously [11,44]. Animals were cold-anesthetized by
packing in ice for 15-30 min prior to dissection and the pericardial organs (POs) were dissected
in chilled physiological saline.

For the conventional method, neuropeptides were extracted as described previously [21]. The
isolated organs were combined, homogenized, and peptides extracted using ice-cold acidified
methanol (methanol: glacial acetic acid: water/90:9:1, v/v). The extract was dried down and
resuspended in 10 μL of 0.1% (v/v) formic acid (aq). To extract neuropeptides from neural
tissue with saturated aqueous DHB (saDHB) solution, the tissues were dissected, placed into
a vial containing 5 to 40 μL saDHB solutions, and stored at 4 °C for several hours up to 30
days. Following incubation, the saDHB extracted samples were ready for both direct MALDI
and CE-MALDI analysis without the need for further treatment. In contrast, the acidified
methanol extracts were desalted by ZipTipC18 and eluted in 5 μL of 50% ACN: 50% of 0.1%
(v/v) TFA aqueous solution prior to analysis. The sample application for direct MALDI-MS
with Parafilm was described previously [45]. Briefly, Parafilm coating was placed on the
sample plate and 150 mg/mL DHB (in methanol: water, 50:50, v/v) was deposited onto its
surface. For CE fractions, eluate was collected onto the DHB spots. For direct MALDI analysis,
an aliquot of 0.5 μL of sample was applied onto the DHB spots.

2.3. Apparatus
2.3.1 CE—The laboratory-built CE apparatus was previously described [43]. Capillaries (50
μm i.d. × 360 μm o.d.) with varying lengths of 70-80 cm were from Polymicro Technologies
(Phoenix, AZ, USA). The CE operated by a high voltage power supply (HV30KVD, dual-
polarity, 0 to ±30 kV, Unimicro Technologies, Pleasanton, CA, USA), was off-line coupled to
MALDI-FT-MS with an on-capillary porous ionic joint interface. A pressure-initiated capillary
siphoning phenomenon was employed to manipulate the stream of CE runs under a reversed
polarity (negative) mode[43]. Subsequent fraction collection was performed on a series of pre-
deposited nanoliter volume DHB spots on a Parafilm-coated MALDI sample plate. Prior to
use, the new capillary was rinsed with (1) 75:25/NaOH (1.0 M): MeOH v/v, (2) H2O, (3) 0.1
M NaOH, (4) air, (5) water again, and (6) running buffer under∼0.5 psi (∼3447 Pa) in sequence
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for 5 min in each step, followed by electrophoretic equilibration with the separation buffer for
10 min prior to injection of the sample. Steps 3 to 6 were repeated between CE runs to remove
any residual peptides adsorbed onto the capillary wall. The sample was injected onto the CE
column using a pressure of 0.5 psi for 3s (∼50 nL). Reversed polarity mode CE was then
initiated by applying a voltage (-18kV) between the inlet and the on-column porous ionic joint.

Three background electrolytes were compared for the CE-MALDI-MS in this study: (i) A
cocktail of ammonium formate (100 mM): H2O: ACN with a ratio of 5:4:1 v/v, at pH 2.75. (ii)
Ammonium phosphate monobasic at 50 mM, adjusted to pH 2.5 with hydrochloric acid, and
(iii) A background electrolyte was prepared using saturated DHB (∼100 mg DHB in 5 mL
water showing excess DHB falling out of solution, initial pH was approximately 2.05 by
measurement) as starting material adjusted by adding NH4OH to a final pH of 2.5-3.0. The
resulting solution was then filtered by 0.22 μm Millex syringe driven filter (Millipore).
Afterwards ACN was added to the filtrate to form a 95% of saDHB: 5% ACN v/v solution.
This solution was then stored in dark and cool (4 °C refrigerator) conditions for less than one
week.

2.3.2 MALDI-FT-MS—Mass spectra of the CE fractions were acquired on a Varian/IonSpec
Fourier transform mass spectrometer (Lake Forest, CA, USA) equipped with a 7.0 T actively
shielded superconducting magnet. The FT-MS instrument consisted of an external high-
pressure MALDI source. A 355 nm Nd: YAG laser (Laser Science, Franklin, MA, USA) was
used to create ions followed by accumulation in the external hexapole storage trap before being
transferred through a quadrupole ion guide to the ICR cell. All mass spectra were collected in
positive ion mode. The ions were excited prior to detection with a radio frequency (RF) sweep
beginning at 7050 ms with a width of 4 ms and amplitude of 150 V base to peak. The filament
and quadrupole trapping plates were initialized to 15 V, and both were ramped to 1 V from
6500 to 7000 ms to reduce baseline distortion of peaks. Detection was performed in broadband
mode from m/z 108.00 to 2500.00.

3. Results and discussion
3.1 Simplified DHB extraction protocol improves analytical sensitivity

In our conventional ice-cold acidified methanol extraction method, the neuronal tissues of four
pericardial organs (POs) from a minimum of two animals (often times more than ten animals
were used; each crab has a pair of POs) were pooled to make an extract. The preparation of
analytical sample involved sequential steps of homogenizing, centrifugation, high molecular
weight cut-off, drying, reconstituting and desalting processes (Fig. 1A). The sample loss could
be significant after these many steps, which leads to decreased neuropeptide abundance in the
extract available for subsequent MS analysis.

Previous studies demonstrated that rinsing tissue with saturated aqueous DHB (saDHB)
solution can aid in neuropeptide extraction from neurons by stabilizing cell membranes and
deactivating endogenous proteolytic enzymes due to its acidic pH [11,20,32]. As developed
by Romanova et al. [33], the one-step protocol using saDHB solution was easy to perform (Fig.
1B). With this novel extraction method, one to several hours' incubation is enough to obtain
satisfactory intensity and coverage of peptides, but a longer (overnight or a few days) extraction
has shown a slightly improved sensitivity and greater coverage. Fig. 2 compares the MALDI-
FT-MS analysis of a single PO extract prepared and stored at 4 °C for 12 hours with saDHB
and a four-PO extract prepared using the conventional extraction approach. Comparable signals
are observed in terms of MS spectral quality, peak intensity and the number of identified
neuropeptides in both methods. The inset in Fig. 2 shows the identified peptide numbers via
the different extraction procedure of A and B. In total, 25 known peptides were identified with
mass error less than 10 ppm by the high resolution FT-MS. Nineteen of which are overlapped
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while three are uniquely observed in each method. This result indicates that the two methods
are complementary and the combined use of the two protocols can increase the coverage of
neuropeptide. The detailed list of neuropeptides is given in Supplementary Table S1. It is also
notable that the volume used for the saDHB extraction (40 μL for one PO) was much larger
than that for conventional extraction (10 μL for four POs). This great difference in extract
volume still resulted in comparable MS signals, indicating a significant improvement in
extraction efficiency of the novel protocol. Our study also demonstrated that reducing saDHB
solution volume to 10 μL yielded much lower extraction efficiency (data not shown). This
observation is consistent with the initial study that claimed a 5 to10-fold excess saDHB in
volume [33].

3.2 Evaluation of the DHB buffer for CE separation
For CE-MALDI-MS, many common CE buffers are not compatible with mass spectrometric
detection due to their ion suppression and interference to MS analysis. Acidic sample solvents
are preferable due to better ionization in positive ion mode of MALDI. Furthermore, acidic
conditions (pH around 2.5) are helpful for reducing the adsorption of protein and peptides onto
the bare capillary wall. Supplementary Table S2 compares three buffer systems used in our
CE-MALDI-MS experiments. Phosphate buffer (PBS) is a widely used background electrolyte
in CE due to its high resolving power; however, the PBS could deteriorate MALDI-MS signals
by introducing interfering noise even at a low concentration. Other common volatile buffers
such as formate or acetate yield poor resolution and compromised buffering capability. This
complication has limited the background electrolyte choice in CE-MALDI-MS experiments.

The 2,5-DHB was occasionally used as a (fluorescent) electrolyte for indirect UV detection of
organic acid with CE separation [46,47]. We consider DHB as a potent electrolyte for CE
because it contains one carboxylic and two phenyl hydroxyl groups, making this weak acid a
fine organic buffer agent. The pKa of DHB in aqueous solution (saturated at ∼16-18 mg/mL,
0.117 M) is ∼3.0 (http://www.zirchrom.com/organic.htm). Thus, the optimal buffer range
should be from ∼2.0 to 4.0 (pKa ± 1). The initial pH of saDHB is approximately 2.05 by our
measurement. To optimize the buffer capacity and to keep its acidity for suppressing adsorption
of analyte to capillary wall, we adjusted the solution to pH range of 2.5-3.0 with the ammonium
hydroxide (NH4OH) in the presence of excess DHB. In this course we observed that a relatively
high pH value such as 2.85 needed a large amount of NH4OH, and resulted in dissolvation of
additional DHB. As a result, when used as CE buffer, the DHB forms crystals at the outlet of
capillary and thus blocks the column for CE run. Therefore, we selected pH 2.60 to 2.75 DHB
buffers in the following experiments.

Fig. 3A and 3B show comparisons between the offline CE-MALDI-MS analysis of a nine-
peptide mixture using formate buffer and DHB buffer, respectively. Typically, sample
overloading in CE experiments should be avoided because it significantly decreases the
separation efficiency. However, the down-stream MS detection often requires more samples
to detect minor components in a mixture. Here, we explored the injection of a large volume
sample for CE separation using two buffers. Approximately, 50 nL of a peptide mixture
containing peptides ranging from 1.0 to 10 μM level (see section 2.1) were injected for the
analyses. As shown in Fig. 3A, with formate buffer the nine model peptides were eluted in six
fractions collected in one minute intervals. With saDHB as a separation buffer, the
electrophoretic migration time was extended (Fig. 3B). Different degrees of signal overlapping
were observed in both cases, i.e., multiple peptides in one fraction or the splitting of single
peptide into multiple fractions. However, with DHB as separation buffer, the peptides'
migration order were clearly distinguished, and more importantly, the MALDI signal
intensities of most peptides were found to increase by 2 to 7-fold as shown with dash lines for
the comparison of individual peptides in stacking of spectra. Figs. 3C-E shows the blank
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baseline of the MALDI spectra (from m/z 600 to 2000) deposited with only the buffers from
CE column. As illustrated, the MALDI mass spectra of the ammonium-DHB and ammonium
formate CE buffers demonstrate their compatibility with MS studies. For these buffers, the
background noise peaks are restrained to the electronic noise peaks generated by the FT-MS
system itself. In contrast, the ammonium phosphate buffer's mass spectrum shows that it is not
suitable for MS studies because of the increased and broad distribution of noise peaks. Overall,
the saDHB buffer has offered greater resolving capacity for CE and enhanced signal-to-noise
ratios for individual peptides. We have found that with DHB buffer the analytes showed a
considerably lower electrophoretic mobility than using formate buffer. This is due to the
different mobilities of analyte ions in the two separation buffers caused by their different
physical properties (e.g., molecular weight, size, ionic strength and viscosity) or different
potential ionic pair formation of the analytes and the buffer matrices. The higher ionic strength
and larger size of DHB (see Supplementary Table S2) are likely the major contributing factors
for the lower mobilities of the peptide ions in this buffer. Furthermore, the 2,5-DHB is reported
to bear a mobility of 26.2 × 10-5 (m2 V-1 s-1) [48], which is only a half of that of the formic
acid 53 × 10-5 (m2 V-1 s-1) [49]. This electrophoretic mobility difference allow us to further
use them as a novel discontinuous (isotachophoretic) electrolyte system [50] for on-capillary
sample preconcentration by focusing a large volume of low-level analytes into a narrow band
[51] in our future study.

3.3 CE-MALDI-MS of single PO extract
The off-line CE-MALDI-FT-MS coupling exhibited high sensitivity for neuropeptide analysis
of complex tissue extract in the low femtomole to high attomole range [43]. In the present
study, we further explore the analytical sensitivity and the MS spectral quality by using saDHB
as both a CE background electrolyte and as a solvent for peptide extraction. Utilizing saDHB
in this manner not only minimizes the potential sample loss associated with changing solvents
by means of drying/reconstituting processes, but also minimizes any adverse interactions and
signal suppression effects that can occur when common CE buffers are used. The DHB acts
multifunctionally as the neuropeptide extraction solvent, the CE separation buffer, and the
MALDI-MS detection matrix.

Following saDHB extraction of single PO, approximately 50 nL of the extract, as one-tenth of
the amount used in direct MALDI analysis, was injected for CE separation using DHB buffer
(pH 2.66) followed by MALDI-FT-MS detection. Fig.4 compares the analysis of neuropeptides
from a single PO extract by direct MALDI-MS analysis and by CE-MALDI-MS. The latter
consumed 10-fold less sample (50 nL for CE-MALDI versus 500 nL for direct MALDI-MS)
while exhibiting 5- to 10-fold enhancement in S/N ratio. For example, the most abundant
peptide pEGFYSQRYamide (m/z 1030.5) in CE-MALDI detection schemes showed a 5.2-fold
signal improvement. The improvement is hypothesized to be much greater for many lower
abundance peptides, because their ionizations may be suppressed by abundant components in
the direct MALDI analysis. Accordingly, the total coverage of detected peptides (also included
unknown peaks) increased by 28.9% (97 to 125) with CE separation. This improvement in
analytical performance is largely due to effective preconcentration, and separation provided
by CE fractionation, therefore decreasing the ionization suppression of high-abundance
peptides prior to MALDI-MS analysis. In addition, the utility of a MALDI compatible CE
background electrolyte increases the coverage of CE-MALDI studies. Repeating the analysis
of the extract preserved in saDHB at 4 °C for up to four weeks gave similar results in both
spectral pattern and peptide intensity, which provides the evidence to the proteolytic inhibition
properties of saDHB.
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4. Conclusions
A new method using DHB for direct tissue extraction and as background electrolyte for off-
line CE-MALDI-MS experiments is developed. The combined use of MALDI matrix for
enhanced neuropeptide extraction, CE fractionation followed by high resolution MALDI-FT-
MS detection offers a simplified and improved protocol for the global analysis of neuropeptides
directly from minute quantities of biological tissues.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Two protocols for neuropeptide extraction from tissues. (A) Conventional ice-cold acidified
methanol protocol (methanol: acetic acid: water/90:9:1, v/v) involves sequential steps of
homogenizing, drying, reconstituting and desalting processes. (B) The saDHB protocol offers
simplified one-step extraction.
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Fig.2.
MALDI-FT-MS mass spectra of neuropeptides extracted from the pericardial organs (POs)
from crab Cancer borealis. Comparable MALDIMS analytical results obtained by: (A)
acidified MeOH extraction with 4 POs and (B) saDHB extraction with single PO. The inset
shows the number of unique and overlapped peptide identification via method (A) or (B).
Asterisks (*) indicate unknown peptides.
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Fig.3.
Offline CE-MALDI-MS analysis of a 9-peptide mixture: (A) using formate buffer and (B)
using DHB buffer. Running buffers: ammonium formate 50 mM, pH 2.75; DHB buffer,
saturated at ∼117 mM, pH 2.75, 5% (v/v) ACN added. Sample injection: ∼ 50 nL. Voltage:
-18 kV. Capillary: 50 μm ID, uncoated, 65 cm in total, membrane joint for anode is at 5 cm
from the end. Peptides' concentrations are listed in the Materials section. (C-E) Blank baseline
of the MALDI spectra (from m/z 600 to 2000) of the three buffers for CE. The asterisks (*)
labels the noises present in all spectra generated by this FT-MS instrument. Open circles (○)
label other unknown noise peaks in using phosphate buffer for CE.
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Fig.4.
Bubble mapped 2D plot of the MALDI-MS data comparing the neuropeptide signals obtained
from: (A) 500 nL of single PO extract without CE separation, and (B) 50 nL sample after CE
separation. Larger bubbles indicate more intense peptide signals (see the color scale). Y axis
in panel B) shows the migration time in CE. CE conditions are different from Fig. 3 in DHB
buffer pH (2.66), voltage (-16 kV) and capillary total length (77 cm).

Wang et al. Page 12

J Chromatogr A. Author manuscript; available in PMC 2010 November 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


