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ABSTRACT 
Context We have shown previously that trichloroacetic acid precipitation is an effective method of protein extraction from 
pancreatic fluid for downstream biomarker discovery, compared to other common extraction methods tested. Objective We aim to 
assess the utility of ultracentrifugation as an alternative method of protein extraction from pancreatic fluid. Design Proteins extracted 
from trichloroacetic acid- and ultracentrifugation-precipitated pancreatic fluid were identified using mass spectrometry techniques 
(in-gel tryptic digestion followed by liquid chromatography-tandem mass spectrometry; GeLC-MS/MS). Data were analyzed using 
Proteome Discoverer and Scaffold 3. Setting This is a proteomic analysis experiment of endoscopically collected fluid in an 
academic center. Patients The study population included adult patients referred to the Center for Pancreatic Disease at Brigham and 
Women’s Hospital, Boston, MA, USA for the evaluation of abdominal pain and gastrointestinal symptoms. Interventions Secretin-
stimulated pancreatic fluid was collected as standard of care for the evaluation of abdominal pain and gastrointestinal symptoms. 
Main outcome measures We compared proteins identified via standard trichloroacetic acid precipitation and this alternative 
ultracentrifugation strategy. Results A subset of pancreatic fluid proteins was identified via the ultracentrifugation method. Of these 
proteins, similar numbers were obtained from fully tryptic or semi-tryptic database searching. Proteins identified in the 
ultracentrifugation-precipitated samples included previously identified biomarker candidates of chronic pancreatitis. Conclusions 
This alternative ultracentrifugation strategy requires less time and fewer handling procedures than standard trichloroacetic acid 
precipitation, at the expense of higher sample volume. As such, this method is well suited for targeted assays (i.e., dot blotting or 
targeted mass spectrometry) if the protein of interest is among those readily identified by ultracentrifugation-promoted precipitation. 
 
INTRODUCTION 
 
Chronic pancreatitis is a disease characterized by 
chronic inflammation and progressive irreversible 
fibrosis resulting in the loss of exocrine and endocrine 
function. Patients often present with chronic abdominal 

pain with or without bouts of acute pancreatitis, and in 
advanced disease may develop fat and protein 
malabsorption, and diabetes. Disorders of the pancreas 
affect more than 1 million persons in the United States, 
costing nearly $3 billion annually [1, 2]. As such, the 
development of a practical diagnostic test for early 
chronic pancreatitis, prior to irreversible gland injury 
and dysfunction, would permit early intervention to 
potentially retard or ameliorate the disease. 
Current clinical diagnosis of chronic pancreatitis relies 
on various radiologic imaging (e.g., CT and MRI), 
endoscopic imaging (e.g., EUS) and functional 
assessments (e.g., pancreas function testing and fecal 
elastase-1) [3]. Objective pathologic structural and 
functional findings are evident only in moderate to 
advanced disease, at which point the inflammatory and 
fibrotic changes are irreversible. Currently, pancreas 
function testing is the non-histological surrogate gold 
standard used to diagnose moderate-to-advanced 
chronic pancreatitis [4]. The degree of pancreatic 
dysfunction is determined by measuring specific 
concentrations of cellular secretory components in 
pancreatic fluid following hormone (secretin or 
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cholecystokinin) stimulation [5]. The need persists for 
strategies and technologies designed to diagnose early 
chronic pancreatitis. 
The proteomic analysis of pancreatic fluid offers 
exceptional promise for the discovery of diagnostic 
protein biomarkers for early chronic pancreatitis [6, 7]. 
We have demonstrated previously that pancreatic fluid 
can be readily collected via the secretin-stimulated 
endoscopic pancreatic function test (ePFT) in volumes 
of 2 to 8 mL, and as such is a suitable specimen for 
mass spectrometry-based proteomic investigations [7, 
8, 9, 10, 11].We have screened a series of precipitation 
strategies to optimize protein extraction from 
pancreatic fluid [11], and we have demonstrated that 
pancreatic fluid can be maintained at 4°C for several 
hours with minimal proteolysis. We determined that 
trichloroacetic acid (TCA) precipitation was able to: 1) 
concentrate proteins; 2) eliminate non-protein 
contaminants; and 3) quickly inactivate pancreatic 
proteases (which are active at physiological pH). Using 
this strategy, we assembled a preliminary list of 
potential chronic pancreatitis biomarkers meriting 
further investigation [8]. 
A recently published study of the bile proteome used 
differential ultracentrifugation to obtain distinct subsets 
of proteins [12, 13, 14]. This ultracentrifugation 
strategy allowed for the precipitation of a subset of 
biliary proteins by subjecting bile to high centrifugal 
force. Compared to TCA precipitation, ultra-
centrifugation requires fewer manual steps, thereby 
reducing the potential for sample loss. Furthermore, 
ultracentrifugation can be performed at 4°C, making it 

a potentially useful technique in the proteomic analysis 
of pancreatic fluid, as we have shown that a 
temperature at or below 4°C is an effective method of 
minimizing protease activity [11]. 
We aim to assess the utility of ultracentrifugation as an 
alternative to TCA precipitation for protein extraction 
prior to downstream in-gel tryptic digestion followed 
by liquid chromatography-tandem mass spectrometry 
(GeLC-MS/MS) proteomic analyses. We then 
compared standard database searching with tryptic 
specificity and semi-tryptic specificity to determine if 
non-tryptic peptide termini are more common in 
ultracentrifugation-precipitated samples compared to 
TCA-precipitated samples. We subsequently mined the 
proteomic data for evidence of exosomal marker 
proteins [15, 16]. 
The techniques outlined here can be used as a platform 
to perform larger biomarker validation and potentially 
discovery studies in chronic pancreatitis. This strategy 
may be particularly useful in targeting specific proteins 
previously determined to have a role in pancreatic 
disease. 
 
METHODS 
 
Study Population 
 
The study population included adult patients referred to 
the Center for Pancreatic Disease at Brigham and 
Women’s Hospital, Boston, MA, USA for the 
evaluation of abdominal pain and gastrointestinal 
symptoms. To rule out pancreatic disease, all subjects 
underwent the following: 1) comprehensive review of 
history and physical examination; 2) review of 
radiologic and endoscopic data; and 3) upper 
endoscopy with ePFT followed by a gastric and 
duodenal mucosal biopsy. Pancreatic fluid samples 
from six patients were selected based upon availability. 
Samples were processed individually, but the data were 
pooled to reduce sample-to-sample variability [17, 18]. 
 
Materials 
 
ChiRhoStim® synthetic human secretin was from 
ChiRhoClin (Burtonsville, MD, USA). SeeBluePlus2 
Pre-Stained standard (LC5925), lithium dodecyl sulfate 
(LDS) Laemmli sample buffer (NP0008), NuPAGE 4-
12% Bis-Tris polyacrylamide gels (NP0335), 
SimplyBlue Coomassie stain (LC0665), and 2-(N-
morpholino)ethanesulfonic acid-sodium dodecyl 
sulfate (MES-SDS) electrophoresis buffer (NP002) 
were from Invitrogen (Carlsbad, CA, USA). 
Sequencing-grade modified trypsin (V5111) was 
obtained from Promega (Madison, WI, USA). Other 
reagents and solvents were from Sigma-Aldrich (St. 
Louis. MO, USA) and Burdick and Jackson 
(Morristown, NJ, USA), respectively. 
 
Experimental Workflow 
 
Figure 1 illustrates the general workflow for the overall 
analysis as follows: 1) ePFT sample collection; 2) 
centrifugation to remove particulates; 3) protein 
precipitation/ultracentrifugation; 4) pellet solubilized in 

Figure 1. Experimental workflow. 1) Pancreatic fluid was collected 
via ePFT. 2) Samples were centrifuged to remove any particulates. 3) 
Pancreatic fluid was precipitated with TCA or subjected to 
ultracentrifugation at 200,000 g for 2 h. 4) The pellet was solubilized 
in LDS Laemmli loading buffer. 5) Proteins were fractionated by 
SDS-PAGE. 6) Proteins were in-gel typically digested. 7) Resulting 
peptides were subjected to LC-MS/MS analysis. 8) Proteins were 
identified via database searching using Proteome Discoverer 
(Thermo Scientific, Waltham, MA, USA) and Scaffold 3 (Proteome 
Software Inc., Portland, OR, USA) software. 
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LDS Laemmli loading buffer; 5) SDS-PAGE 
fractionation; 6) in-gel tryptic digestion; 7) LC-MS/MS 
peptide mass determination; and 8) bioinformatic data 
processing. 
 
Pancreatic Fluid Collection (ePFT Method) 
 
The secretin-stimulated ePFT procedure was performed 
as described previously [19]. A peak pancreatic fluid 
bicarbonate concentration of 80 mEq/L is two standard 
deviations below the mean and considered the lower 
limit of normal [20, 21]. Duodenal aspirates were 
collected at 0, 5, 10, 15, 20, 30, 45 and 60 minutes after 
secretin stimulation. Only the 30-minute time point 
was used for the ensuing analysis, according to 
previously published methods [10]. 
 
Pancreatic Fluid Sample Preparation 
 
Pancreatic fluid specimens for proteomic analysis were 
collected on ice, centrifuged at 4°C at 14,000 rpm for 
15 minutes to remove cellular debris, aliquoted (500 
µL), and stored at -80°C until analysis. Protein 
concentration was determined using the BioRAD 
(Hercules, CA, USA) protein assay according to the 
manufacturer’s instructions. We have omitted protease 
inhibitors as we demonstrated previously that at 4°C, 
little proteolysis in pancreatic fluid occurs activity [11], 
without the caveats associated with the addition of 
protease inhibitors in mass spectrometry experiments 
[22, 23, 24]. 
 
TCA Precipitation of Pancreatic Fluid 
 
The proteins from 6 pancreatic fluid specimens (200 
µL) were isolated by precipitation with the addition of 
12.5% TCA, as described previously [10, 11]. This 
process limits protein degradation by instantaneously 
deactivating enzymes and removing salts that will 
interfere with the subsequent electrophoretic mobility-
based fractionation by SDS-PAGE. The precipitated 
protein pellets were re-dissolved in 20 µL of reducing 
LDS Laemmli buffer [25] (with 10 mM dithiothreitol) 
for 1 h at 56°C and alkylated with 1% acrylamide at 
room temperature in the dark for 30 minutes for 
subsequent GeLC-MS/MS analysis. 
 
Ultracentrifugation of Pancreatic Fluid 
 
As an alternative to TCA precipitation, protein 
precipitation by ultracentrifugation was performed 
using pancreatic fluid from the same 6 patients used for 
TCA precipitation. One milliliter of pancreatic fluid 
(approximately 1 mg of protein) was deposited into a 
13x51 mm Beckman (Brea, CA, USA) ultracentrifuge 
tube (#349622). The sample was subjected to 
ultracentrifugation at 200,000 g for 2 h at 4°C using a 
Beckmann TLA100.3 rotor on a Beckman TL-100 
tabletop ultracentrifuge. Following centrifugation, the 
supernatant was aspirated completely, and a translucent 
pellet could be seen in the tube. The pellet was re-
dissolved in 20 µL of reducing LDS Laemmli buffer 
[25] (with 10 mM dithiothreitol), incubated for 1 h at 
56°C and alkylated with 1% acrylamide at room 

temperature for 30 minutes for subsequent GeLC-
MS/MS analysis. 
 
SDS-PAGE Fractionation and In-Gel Tryptic 
Digestion Followed by Liquid Chromatography-
Tandem Mass Spectrometry (GeLC-MS/MS) of 
Pancreatic Fluid Specimens 
 
In total, 6 gel lanes each of TCA- and 
ultracentrifugation-precipitated pancreatic fluid were 
subjected to SDS-PAGE and in-gel tryptic digestion 
followed by reversed-phase liquid chromatography in-
line with a tandem mass spectrometer (GeLC-MS/MS). 
The proteins were fractionated using 4-12% NuPAGE 
pre-cast SDS-PAGE gels at 175 V for 45 minutes using 
MES-SDS buffer. Each gel lane was then divided into 
7 sections and subject to in-gel tryptic digestion [26, 
27]. SDS-PAGE analysis revealed that the TCA 
precipitated samples were more concentrated than the 
ultracentrifugation-precipitated samples, as such we 
diluted the TCA precipitated samples five-fold in 
loading buffer (5% formic acid, 5% acetonitrile in 
water) prior to GeLC-MS/MS. The extracted peptides 
from each gel section were subjected to peptide 
fractionation using reversed-phase high performance 
liquid chromatography (HPLC; Thermo Scientific, 
Waltham, MA, USA) and the gradient-eluted peptides 
were analyzed by a hyphenated linear trap quadrupole-
Fourier Transform ion cyclotron resonance (LTQ-
FTICR) mass spectrometer (Thermo Scientific, 
Waltham, MA, USA). The liquid chromatography 
columns (15 cm x 100 µm internal diameter) were 
packed in-house (Magic C18, 5 µm, 100 Å beads; 
Michrom BioResources, Auburn, CA, USA) into 
PicoTips (New Objective, Woburn, MA, USA). 
Samples were analyzed with a 90 minute linear 
gradient (5-35% acetonitrile with 0.2% formic acid) 
and data were acquired in a data dependent manner, in 
which MS/MS fragmentation was performed using the 
6 most intense peaks of every full MS scan. 
 
Database Searching 
 
All data generated were searched against the 
International Protein Index human database (IPI v3.69; 
EMBL-EBI, Hinxton, Cambridgeshire, United 
Kingdom; http://www.ebi.ac.uk/IPI/IPIhelp.html) using 
the Mascot search engine (v.2.204; Matrix Science, 
Boston, MA, USA) through Proteome Discoverer (v 
1.3; Thermo Scientific, Waltham, MA, USA). Two 
miscleavages per peptide were allowed and mass 
tolerances of ±10 ppm for precursor ions and ±0.8 Da 
for fragment ions were used. Amino acid modifications 
were as follows: fixed: propionamide (Cys); variable: 
deamidation (Asn/Gln) and oxidation (Met). 
 
DAVID Functional Annotation Bioinformatics 
Microarray Analysis 
 
We used the Database for Annotation, Visualization 
and Integrated Discovery (DAVID) Bioinformatics 
Database (http://david.abcc.ncifcrf.gov/) interface [28, 
29] to classify proteins according to the Protein 
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ANalysis THrough Evolutionary Relationships 
(PANTHER) protein class [30]. 
 
ETHICS 
 
The study was approved by our Institutional Review 
Committee. This protocol was approved by the 
Institutional Review Board at Brigham and Women’s 
Hospital and Children’s Hospital Boston (IRB #2007-
P-002480/1). The study population included adult 
patients referred to the Center for Pancreatic Disease at 
Brigham and Women’s Hospital, Boston, MA, USA 
for the evaluation of abdominal pain and 
gastrointestinal symptoms. 
Both oral and written consent was talent and the study 
protocol conform to the ethical guidelines of the 
"World Medical Association (WMA) Declaration of 
Helsinki - Ethical Principles for Medical Research 
Involving Human Subjects" adopted by the 18th WMA 
General Assembly, Helsinki, Finland, June 1964 and 
amended by the 59th WMA General Assembly, Seoul, 
South Korea, October 2008. 
 
STATISTICS 
 
Scaffold (version Scaffold 3.30.07, Proteome Software 
Inc., Portland, OR, USA) was used to validate MS/MS 
based peptide and protein identifications. Peptide 
identifications were accepted if greater than 95% 
probability as specified by the PeptideProphetTM 
algorithm [31] (Proteome Software, Inc., Portland, OR, 
USA). Only protein identifications with greater than 
99% probability were accepted. Protein probabilities 
were assigned by the ProteinProphetTM algorithm 
(Proteome Software, Inc., Portland, OR, USA) [32]. 
The dataset was searched against the target database 
and a decoy database, determining the false discovery 
rate to be 0.1% at the peptide level; the latter featured 
the reversed amino acid sequences of all the entries in 
the IPI-human database (v3.69) [33, 34]. Proteins that 
contained similar peptides and could not be 
differentiated based on MS/MS analysis alone were 
grouped to satisfy the principles of parsimony. 

Normalized spectral counts were determined from the 
Scaffold output. 
 
RESULTS 
 
Isolating Proteins from Pancreatic Fluid by Either 
TCA or Ultracentrifugation Precipitation Resulted 
in Different SDS-PAGE Banding Patterns 
 
A total of 6 pancreatic fluid specimens underwent 
SDS-PAGE analysis (Figure 2). One aliquot of each 
specimen was subjected to TCA precipitation and the 
second aliquot to ultracentrifugation precipitation, for a 
total of 12 samples. The TCA-precipitated samples 
showed protein banding patterns similar to those seen 
in previous pancreatic fluid TCA precipitations [8, 10, 
11, 35]. However, these protein banding patterns 
differed substantially from those observed in the 
ultracentrifugation-precipitated samples; the ultra-
centrifugation samples were far less concentrated and 
fewer stained bands were observed. Many of the highly 
abundant proteins observed in the TCA-precipitated 
samples were not observed in the ultracentrifugation-
precipitated samples. It was likely that these proteins 
were very soluble and thus did not precipitate from 
solution. In a prior study using precipitation methods 
other than TCA, we noted smearing of the low 
molecular weight protein bands, indicating these 
proteins had undergone substantial proteolysis [11]. 
Such smearing was not observed in the ultra-
centrifugation-precipitated protein lanes, and as such 
we suspect that the ultracentrifugation samples had not 
undergone extensive proteolysis post-centrifugation. 
However, further data accessing protein degradation, 
such as the addition of labeled standards, are needed to 
support this claim. This finding is expected as the 
centrifugations were performed at 4°C, a temperature 
which we have shown does not result in noticeable 
proteolysis over the 2-hour precipitation period [11]. 
 
Pancreatic Fluid Proteins Were Identified Via 
Ultracentrifugation Without TCA Precipitation 
 
We identified a total of 440 non-redundant proteins 
using the standard TCA-precipitation followed by 
GeLC-MS/MS method, and a total of 196 proteins 
using the ultracentrifugation precipitation method 
(Supplementary Table). One hundred and eighty three 
of the 440 (approximately 43%) proteins identified 
using TCA precipitation were also identified using 
ultracentrifugation precipitation (Figure 3a). A total of 
257 proteins were identified exclusively in the TCA-
precipitated samples, while only 13 were exclusive to 
the ultracentrifugation-precipitated samples (Figure 3a). 
These 13 ultracentrifugation-specific proteins were 
listed in Table 1. Many of these proteins had less than 
five spectral counts; however, several with higher 
counts may merit further investigation, particularly 
cathepsin G, eosinophil peroxidase, ferritin heavy 
chain and mucin-1. Although limited, ultra-
centrifugation precipitation would aid assays designed 
to target these particular proteins relevant to pancreatic 
disease. 

Figure 2. SDS-PAGE protein fractionation. SDS-PAGE images of 
trichloroacetic acid- (TCA) and ultracentrifugation- (UC) 
precipitated protein samples. Subjects were coded 1 through 6; 
samples labeled with the same numerical designation following the 
TCA or UC notation were collected from the same subject. 
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Database Searching for Semi-Tryptic Proteins 
Resulted in Few Additional Protein Identifications 
in Both TCA- and Ultracentrifugation-Precipitated 
Samples 
 
We repeated the database search using semi-tryptic 
enzyme specificity, rather than the typical fully tryptic 
search parameter. As fully tryptic peptides were 

cleaved at the both peptide termini at either a lysine or 
arginine residue, semi-tryptic peptides have only one 
tryptic terminus as the other terminus was cleaved 
potentially by another protease. Semi-tryptic searches 
require longer database search times due to the increase 
in possible peptide matches, resulting in an enlarged 
search space. We compared protein identifications in 
TCA-precipitated samples to that in ultracentrifugation- 
precipitated samples searched using semi-tryptic 
specificity (Figure 3b). The result was similar to the 
comparisons of the precipitation methods using fully 
tryptic specificity (Figure 3a). Forty-two percent of the 
proteins that were identified using TCA precipitation 
were also identified using ultracentrifugation 
precipitation. In all, 13 proteins were identified in the 
ultracentrifugation-precipitated samples and not 
identified in the TCA-precipitated sample (Table 2). As 
in the prior comparison of fully tryptic proteins, many 
of the identified proteins had relatively low spectral 
counts (i.e., less than five). As in the fully tryptic 
comparison, the proteins eosinophil peroxidase, ferritin 
heavy chain and mucin-1 were also identified 
exclusively in the ultracentrifugation-precipitated 

Figure 3. Comparison of proteins identified in the two precipitation 
methods. a. Venn diagram of non-redundant proteins comparing 
those identified (with fully tryptic specificity) by trichloroacetic acid 
(TCA) precipitation and ultracentrifugation (UC) precipitation. b.
Semi-tryptic searching for both TCA (TCA-semi) and UC (UC-semi) 
precipitation. 

Table 1. Proteins identified exclusively in the ultracentrifugation-precipitated samples using fully tryptic specificity for database searching. 
Protein name UniProt accession number Average spectral counts 

Trichloroacetic acid (TCA) Ultracentrifugation (UC) 

Acid sphingomyelinase-like phosphodiesterase 3b Q92485 0 4 

Alkaline phosphatase, tissue-nonspecific isozyme P05186 0 2 

Calmodulin-like protein 3 P27482 0 1 

Cathepsin G P08311 0 6 

Complement component C9 P02748 0 1 

C-reactive protein P02741 0 2 

Ectonucleotidepyrophosphatase family member 7 Q6UWV6 0 3 

Eosinophil peroxidase P11678 0 9 

Ferritin heavy chain P02794 0 6 

Histone H2B type 1-K O60814 0 1 

Isoform 1 of Plakophilin-1 Q13835-2 0 1 

Mucin-1 P15941 0 5 

Pyruvate kinase isozymes M1/M2 P14618 0 1 
 

Table 2. Proteins identified exclusively in the ultracentrifugation-precipitated samples using semi-tryptic specificity for database searching. 
Protein name UniProt accession number Average spectral counts 

Trichloroacetic acid semi-
tryptic 

Ultracentrifugation semi-
tryptic 

Acid sphingomyelinase-like phosphodiesterase 3b Q92485 0 4 

Alkaline phosphatase, tissue-nonspecific isozyme P05186 0 2 

Annexin A11 P50995 0 2 

Calmodulin-like protein 3 P27482 0 1 

C-reactive protein P02741 0 1 

Ectonucleotidepyrophosphatase family member 7 Q6UWV6 0 3 

Eosinophil peroxidase P11678 0 8 

Ferritin heavy chain P02794 0 5 

Histone H2B type 1-K O60814 0 2 

Isoform 1 of Plakophilin-1 Q13835-2 0 1 

Mucin-1 P15941 0 4 

WD repeat-containing protein 67 Q96DN5 0 2 

Zinc finger protein 337 Q9Y3M9 0 2 
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samples when using the semi-tryptic database search. 
Interestingly, the spectral counts of these proteins were 
lower than those of proteins searched with full trypsin 
specificity, again potentially a result of increased 
search space, while retaining the 0.1% peptide false 
discovery rate. 
 
Gene Ontology Classification Revealed Mostly 
Subtle Differences in Classification Categories 
Between Proteins Isolated from TCA and 
Ultracentrifugation Precipitation 
 
Using the PANTHER classification system, we 
performed gene ontology analysis comparing the 
proteins identified in the TCA precipitation samples 
(n=440) to those identified in the ultracentrifugation 
precipitation (n=196) samples. Only categories with 6 

or more proteins were considered. We investigated the 
three domains of gene ontology classification: cellular 
compartment, biological process and molecular 
function. Analysis of cellular compartment (Figure 4a) 
revealed that cytoskeletal and intracellular proteins 
comprised a greater proportion of proteins in the TCA-
precipitated samples compared to proteins in the 
ultracentrifugation-precipitated samples. Compared to 
the TCA-precipitated samples, a marginally greater 
proportion of proteins in the ultracentrifugation-
precipitated samples were localized to the extracellular 
matrix, extracellular region, immunoglobulin 
complexes and protein complexes. Analysis of the 
biological processes (Figure 4b) did not reveal many 
differences in the protein classifications between the 
two precipitation techniques. Proteins involved in 
metabolic processes made up a slightly greater 
proportion of proteins identified in the TCA-
precipitated samples. Similarly, proteins involved in 
the immune response and response to stimulus 
constituted a slightly greater proportion of proteins in 
the ultracentrifugation samples, reflecting a similarly 
greater proportion of immunoglobulin complex 
proteins identified by the cellular component 
classification. Comparison of the molecular function 
category (Figure 4c) also resulted in some slight 
differences. Compared to ultracentrifugation-
precipitated proteins, the TCA-precipitated proteins 
were comprised of a marginally greater proportion of 
proteins with oxidoreductase activity and protein 
binding capability. This observation is consistent with 
the greater proportion of metabolic process proteins 
and intracellular proteins observed in the cellular 
compartment and biological process domains. In 
contrast, proportionally more peptidase (protease) 
activity-related proteins, as well as serine peptidase 
inhibitor (a protease inhibitor) activity-related proteins, 
were identified in the ultracentrifugation-precipitated 
sample. These classes of proteins are of particular 
interest in that several proteases and protease inhibitors 
have been identified as potential biomarkers of chronic 
pancreatitis (Table 3) [8, 9]. 
 
We Found no Evidence that These Ultra-
centrifugation-Precipitated Proteins Were of 
Exosomal Origin 
 
We suspected that pancreatic fluid may be rich is 
exosomes, as these small membrane vesicles have been 
identified and extensively studied in urine [14, 36, 37, 
38, 39, 40, 41]. However, our gene ontology analysis 
did not identify a significant number of membrane 
proteins in either the TCA- or ultracentrifugation-
precipitated samples. We searched an online database, 
ExoCarta (http://www.exocarta.org/) [15, 16], which 
lists the top 27 exosomal marker proteins. Only two of 
these validated exosomal markers were identified in the 
pancreatic fluid samples: phosphoglycerate kinase 1 
and actin, cytoplasmic 1. These proteins were 
identified in greater abundance in the TCA precipitated 
samples, and therefore provide no evidence that 

Figure 4. Gene ontology analysis. Using the Panther classification 
system, gene ontology analysis revealed differences in the cellular 
compartments (a.), biological processes (b.), and molecular functions 
of proteins identified in trichloroacetic acid-precipitated (TCA) 
samples compared to proteins in the ultracentrifugation-precipitated 
samples (UC) (c.). Note that the data is normalized for each sample 
as 440 proteins were considered for TCA and 196 for UC. 
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proteins exclusive to ultracentrifugation-precipitation 
were exosomal in origin. While we did not definitively 
identify exosomal marker proteins, it is inconclusive as 
to whether exosomes are present in pancreatic fluid as 
these marker proteins may have been below the 
detection limit of the instrument. 
 
DISCUSSION 
 
We have identified a subset of proteins in pancreatic 
fluid using ultracentrifugation-promoted protein 
precipitation in lieu of TCA precipitation. Using 
ultracentrifugation precipitation coupled with GeLC-
MS/MS, we identified approximately 40% of the 
proteins identified using traditional TCA precipitation. 
Unlike many other previously-tested pancreatic fluid 
protein extraction methods [11], ultracentrifugation 
precipitation did not result in a high degree of 
proteolysis, typically observed as low molecular weight 
smears on SDS-PAGE images. Furthermore, ultra-
centrifugation-based precipitation requires only a 
single aspiration prior to SDS-PAGE, reducing 
handling procedures and potential for sample loss and 
as such is more amenable to robotic processing. The 
major caveat of this simplified procedure is that it 
requires at least 5 times the volume of pancreatic fluid 

per analysis compared to TCA precipitation: 200 µL 
needed for TCA precipitation versus 1 mL for the 
ultracentrifugation precipitation strategy described 
herein. 
Secretin-stimulation and ePFT collection facilitates 
obtaining enough pancreatic fluid to perform the 
ultracentrifugation method, whereas more common 
collection techniques cannot safely collect such 
volumes [19, 20, 21, 42, 43, 44]. To date, several mass 
spectrometry-based proteomic investigations of 
pancreatic fluid have been performed using specimens 
collected surgically or via endoscopic retrograde 
cholangiopancreatography (ERCP) [45, 46, 47, 48, 49, 
50, 51, 52, 53] which collect up to 10-fold lower 
volumes of pancreatic fluid than and at most twice the 
concentration of ePFT-collected fluid. From these 
experiments, the number of proteins identified varied 
from 22 to over 170 based on the mass spectrometry 
methodology utilized. More recently, the proteome of 
normal pancreatic fluid has been elucidated, which 
discovered over 270 proteins, again from ERCP-
collected fluid [54]. The method of sample collection is 
a major caveat when comparing proteomic data our 
ePFT-collected fluid sampled to other published 
datasets. 

Table 3. Previously-identified potential biomarkers of chronic pancreatitis which were also identified in the ultracentrifugation-precipitated samples. 
Protein name UniProt 

accession 
number 

Sum of spectral counts for sample type 
Trichloroacetic 

acid 
Trichloroacetic 

acid semi-tryptic 
Ultracentrifugation Ultracentrifugation 

semi-tryptic 

Alpha-1-antichymotrypsin P01011 76 70 3 3 

Alpha-1-antitrypsin P01009 732 708 711 663 

Alpha-amylase 1 P04745 1,001 1,032 2,145 1,944 

Alpha-amylase 2B P19961 998 1,054 2,506 2,299 

Aminopeptidase N P15144 306 291 161 186 

Bile salt-activated lipase P19835 662 649 121 143 

Carboxypeptidase A1 P15085 1,628 1,528 1,559 1,653 

Carboxypeptidase A2 P48052 134 132 63 57 

Carboxypeptidase B P15086 1,181 1,163 992 1,024 

Cathepsin G P08311 2 3 26 35 

Chymotrypsin-C Q99895 293 287 180 254 

Chymotrypsin-like elastase family member 2A P08217 957 971 350 389 

Chymotrypsin-like elastase family member 2B P08218 338 481 111 121 

Chymotrypsin-like elastase family member 3A P09093 573 605 891 911 

Chymotrypsin-like elastase family member 3B P08861 245 361 475 379 

Chymotrypsinogen B2 Q6GPI1 819 837 127 83 

Colipase P04118 70 93 33 32 

Complement C3 P01024 642 605 76 89 

Gastric triacylglycerol lipase P07098 91 104 30 32 

Haptoglobin P00738 326 302 4 5 

Mucin-5AC (Fragments) P98088 251 240 30 22 

Mucin-5B Q9HC84 150 140 188 189 

Neprilysin P08473 45 42 89 104 

Pancreatic alpha-amylase P04746 1,137 1,188 2,798 2,640 

Pancreatic lipase-related protein 1 P54315 51 49 49 24 

Pancreatic lipase-related protein 2 P54317 191 192 194 194 

Pancreatic triacylglycerol lipase P16233 1,485 1,640 1,243 1,136 
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In our prior studies using TCA protein precipitation, 
we identified several dozen potential protein 
biomarkers for chronic pancreatitis [8, 9]. Several of 
these proteins (including pancreatic enzymes 
(amylases, lipases, chymotrypsinogens, and carboxy-
peptidases), enzyme inhibitors (alpha-1-antitrypsin and 
alpha-1-antichymotrypsin), mucins, haptoglobin and 
neprilysin) were also identified in ultracentrifugation-
precipitated pancreatic fluid (Table 3). These findings 
demonstrate that ultracentrifugation may be used as an 
alternative to TCA precipitation to evaluate certain 
biomarker candidates of chronic pancreatitis, as well as 
other pancreatic diseases in targeted assays. However, 
a major caveat is that incomplete precipitation due to 
ultracentrifugation may limit the number of proteins 
that are available for these targeted assays. Further 
analysis is warranted to ensure that reproducibility of 
the quantitative data is not hindered by different 
degrees of precipitation among samples which are 
treated similarly. 
Interestingly, few additional proteins were identified by 
semi-tryptic peptide searching in both the TCA- and 
ultracentrifugation-precipitated samples. Semi-tryptic 
peptides appear when a peptide is cleaved up- or down-
stream of a canonical tryptic cleavage site. Such a 
phenomenon is typically a result of endogenous 
proteases, which are abundant in pancreatic fluid. The 
results presented here, and unpublished data, 
demonstrated that, generally, few additional proteins 
are identified in pancreatic fluid when semi-tryptic 
peptides are included in the database searches, 
suggesting that our standardized collection method is 
effective in limiting endogenous proteolysis [11]. 
Semi-tryptic searches, although easily implemented, 
are computationally intensive and can increase 
database search times several fold, and thus for the 
analysis herein are generally not computationally 
efficient. 
SDS-PAGE banding patterns and mass spectrometric 
analysis of the ultracentrifugation-precipitated samples 
demonstrated fewer proteins compared to the TCA-
precipitated samples. Soluble proteins typically remain 
in solution following ultracentrifugation at 200,000 g, 
leading us to postulate initially that the appearance of 
these proteins in the ultracentrifugation precipitate may 
be a result of the precipitation of exosomes or other 
small membrane vesicles that may be present in 
pancreatic fluid. Exosomes are small membrane 
vesicles (30 to 90 nm) originating from a variety of cell 
types [55], which fuse with the plasma membrane and 
empty their contents into another cell. Although not yet 
investigated in the context of pancreatic disease, 
exosomes have been implicated in the adaptive 
immune response and inflammatory response [56] in 
other diseases, and have been identified in urine [14, 
36, 37, 38, 39, 40, 41]. While microvesicles in human 
body fluids such as blood [57, 58, 59] and urine [14, 
36, 37, 38, 39, 40, 41] have been thoroughly 
investigated, to date, no investigation of such 
microvesicles in human pancreatic fluid has been 

published. Although we were unable to identify 
exosomal markers in our analysis, it remains possible 
that such proteins are indeed present, but at a level 
below the detection limit of our mass spectrometry-
based strategy. The use of more concentrated protein 
samples, targeted mass spectrometry-based assays, or 
traditional techniques (such as western or dot blotting), 
along with the proper controls may result in a better 
assessment of the presence of exosomes in pancreatic 
fluid. 
In addition to co-precipitation with microvesicles, 
protein aggregation may also contribute to 
ultracentrifugation-based precipitation of pancreatic 
fluid proteins. Secretin-stimulated, ePFT-collected 
pancreatic fluid typically has a protein concentration 
ranging from 1-2 mg/mL, a relatively high 
concentration which may promote protein aggregation 
and induce precipitation during high-speed 
centrifugation. Although it was our intention to enrich, 
rather than purify, the ultracentrifugation-precipitated 
proteins, we omitted washing the pellet to prevent 
pelleted protein loss. In addition, analysis of the post-
ultracentrifugation supernatant may also reveal the 
degree of incomplete protein precipitation. If purer 
ultracentrifugation pellets are needed, potential carry-
over from the supernatant may be reduced by the 
washing with a non-detergent buffer. It may also be of 
interest to use differential centrifugation to define in 
more depth the proteome of pancreatic fluid. Further 
studies are necessary to determine the extent of these 
effects. 
It may be expected that protein complexes will be 
precipitated using our ultracentrifugation strategy. As 
such, there is some evidence supporting the plausibility 
of protein complexes in the ultracentrifugation-
precipitated pancreatic fluid. Zymogen granules are 
small secretory organelles in pancreatic acinar cells 
that contain inactivated digestive enzymes. These 
intercellular vesicles are typically isolated from acinar 
tissue and their ability to be isolated in pancreatic fluid 
has not yet been determined, although there presence 
may be possible due to cell lysis [60, 61, 62]. Studies 
have shown that pancreatic enzymes, such as lipase, 
trypsin, chymotrypsin, and carboxypeptidase are 
abundant, as well as inhibitors, such as alpha-1-
antitrypsin are abundant in zymogen granules [60, 63]. 
Proteins with the highest spectral counts in the 
ultracentrifugation-precipitated samples included these 
pancreatic enzymes. Similarly, trypsin is known to 
form complexes with anti-1-antitrypisn, and both of 
these molecules have are among those with the highest 
spectral counts. Further investigation will be needed to 
assess the presence of such complexes, such as analysis 
via native gels or blue native-PAGE [64]. 
In summary, we have shown that ultracentrifugation 
may be a viable alternative to TCA precipitation for the 
proteomic analysis of pancreatic fluid. Approximately 
40% of the proteins identified in TCA-precipitated 
pancreatic fluid were also identified in the 
ultracentrifugation-precipitated samples. The primary 
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advantages of precipitation by ultracentrifugation 
include minimal sample processing and no incubation 
with strong acid. The benefits of ultracentrifugation 
precipitation over TCA precipitation come at the 
expense of sample volume, as ultracentrifugation 
requires at least five times the sample volume. Further 
studies are needed to understand better the mechanisms 
by which these pancreatic fluid proteins precipitate 
when subjected to ultracentrifugation. The ultra-
centrifugation precipitation strategy outlined herein 
represents a method of studying the proteome of 
pancreatic fluid with minimal sample processing, 
which may be useful in the search for biomarkers of 
pancreatic disease. 
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